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Abstract

As carbon-free fuels, hydrogen and electricity are headed for major roles in replacing hydrocarbons as the world constrains carbon dioxide (CO2) emissions.  This will apply particularly to the transport sector.  A general trend toward electric drive on-board vehicles is already evident and hydrogen converted to electricity by a fuel cell is likely to be a major source of on-board electricity.  The major car manufacturers continue to invest heavily in this option and significant government initiatives in both the USA and Canada are beginning demonstration deployments of the infrastructure needed for hydrogen refueling.  However, early adoption of hydrogen as a transport fuel may well be concentrated on heavy-duty transportation: trains, ships and trucks, where battery storage of electricity is unlikely to be practical.

But both hydrogen and electricity are secondary fuels and are only effective if the source of the primary energy is a low CO2 emitter such as nuclear and wind.  A competitive cost is also essential and, to achieve this, one must rely on off-peak electricity prices.  This paper examines historical data for electricity prices and the actual output of the main wind farms in Ontario to show how nuclear and wind can be combined to generate hydrogen by water electrolysis at prices that are competitive with fossil-based hydrogen production. 

The NuWind™ concept depends on operating electrolysis cells over an extended range of current densities to accommodate the inherent variability of wind and of electricity prices as they vary in open markets.  The cost of co-producing hydrogen with electricity originating from nuclear plants (80%) and from wind turbines (20%
) is very close to that of production from a constantly available electricity source.  In contrast, the price of hydrogen produced using electricity from wind alone is estimated to cost about $1500/tonne more than hydrogen from NuWind or nuclear alone because the electrolysis facility must be much larger (Ontario wind averages just over 30% on nameplate capacity factor) and cavern storage capacity must be much increased to accommodate the large seasonal variation in wind.

Introduction

Today, transportation is responsible for around 30% greenhouse gases (GHGs) emissions in developed economies, with CO2 being the predominant component.  Given that there is now broadly held agreement that stabilization of GHG levels in the atmosphere will require developed economies to reduce overall GHG emissions by around 80% from 1990 levels (plus restraint on emissions by developing economies so that total world emissions fall by over 50%), it is obvious that improved efficiency from oil-based energy for transportation cannot alone be a sufficient solution.  Oil will have to be substantially supplanted by new energy sources.  The two most promising alternatives are hydrogen and battery-stored electricity.  Battery development – especially of lithium-ion technology – is progressing rapidly and may well provide acceptable low-emitting technology for parts of the transport sector.  For the relatively low usage characteristic of private cars predominantly used for shorter range commuting, either all-electric vehicles (EVs) or deeply pluggable hybrid electric vehicles (PHEVs) may produce sufficiently low emissions.  But for heavier vehicles and light vehicles with high usage, batteries are unlikely to provide an effective solution.  Elsewhere, one of us has addressed the case for using hydrogen in particular sectors of transportation
, concluding that rail – except for very heavily used routes, where track electrification would be economically feasible – would be particularly suited for conversion from diesel locomotives.  Rail is an excellent place to launch hydrogen fueling since fuel production and dispensing can be centralized and the issue of building an extensive distribution system is avoided.  Application of hydrogen to fueling ships, long-haul road freight and other heavy-duty road vehicles can be expected to follow.  In this paper, we focus on the economics of different ways to produce hydrogen on relatively large scales.
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Governments usually propose to reduce GHGs by (1) emphasising efficiency and conservation and (2) subsidizing near-zero-GHG-emitting sources (e.g. wind and photovoltaic solar).  Experience to date strongly suggests that this approach is economically ineffective and does little to reduce emissions.  While we also favour emphasis on deploying technologies with near-zero emissions, we argue that they should be deployed in accordance with market-driven economics including a realistic price for GHG avoidance.  Specifically, we address the economics of producing hydrogen by conventional electrolysis for use as a vehicle fuel. We compare the economics of hydrogen generation by conventional electrolysis with electricity from near-zero-GHG sources with that from conventional steam-methane-reforming (SMR).  We consider that it is likely that significant amounts of hydrogen demand will emerge first in fairly centralized applications such as trains where fuel supply can be centralized and using off-peak electricity, which should impose only minor costs for distribution or even be carried out close to the electricity generator.    

In an earlier paper
, we had compared the economics of centralized production of hydrogen by electrolysis and by SMR.  The possibility of combining electricity from nuclear and wind sources (NuWind™) was explored.  Since 2005, (1) the price of hydrocarbon energy (in all forms, including methane) has risen; and (2) reliable data on wind-produced electricity in Ontario has become available.  This paper provides an update incorporating the latest prices for electricity and natural gas as well as data on wind-produced electricity that is directly pertinent to the cost of hydrogen production in Ontario.

Cost of hydrogen by SMR

In calculating the price of hydrogen produced by SMR, one has to assign a realistic price for the natural gas feedstock.  Oil prices are fairly global in nature, widely posted and widely forecasted.  Although the rising importance of liquefied natural gas (LNG) is tending to establish a more global price in the main consuming markets of Europe and North America, natural gas prices tend to be more regional with no single clear price.  Gas prices also tend to respond sluggishly to changes in oil price since it takes time for price signals in the energy market to influence gas production through changes in drilling activity.  
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So while the price of natural gas does not correlate perfectly with that of oil, it would be helpful if the price of natural gas could be projected based on the global market price for oil.  Figure 1 shows how the price of oil (WTI, Cushing Oklahoma) and of natural gas (average city gate prices, converted from $/Mbtu to $/GJ) have varied in the USA
 from 1986 to 2007.  (The correlation coefficient, r2, between average annual oil and gas prices is 0.88.)  On an energy-equivalent basis, one barrel of oil ought to cost six times the price of one gigajoule of natural gas.  As Figure 2 shows, the expected correlation between the prices of oil and the U.S. price of natural gas links quite well based on their energy contents.  There is usually a small discount on the value of gas.  (A bigger discount appears if the price of gas at the main hubs is considered since gas is significantly more expensive to transport than oil but the city-gate cost is the relevant figure to use for costing end uses including natural gas feedstock.)  Based on figure 2, dividing oil prices per barrel by seven to arrive a projection of gas prices appears to be justified.  

Producing hydrogen by SMR can only be effective in GHG-abatement if the CO2 co-product is sequestered.  The cost of carbon capture and sequestration (CCS) will depend on local circumstances but a figure of around 70 $/t CO2 now appears to be commonly accepted where allowance is included for collateral emissions of CO2 produced indirectly by the carbon capture and storage process.  (The US National Energy Technology Laboratory has presented detailed analysis of electricity from coal-fired plants
.  Their estimates for CCS range from 32 to 83 $/t CO2 (avoided) with the high end being typical of processes akin to SMR.)  Production of one tonne of hydrogen by SMR also produces about 7.75 tonnes of CO2.  At 70 $/t for CCS, this will add 540 $/t H2.  Capital and operating costs for the SMR will add about 400 $/t H2.  On this basis, the cost of hydrogen produced by SMR is plotted in Figure 3.  For oil at 105 $/bbl (current at the time of writing), the estimated cost of SMR-produced hydrogen is 3280 $/t.

Hydrogen by electrolysis
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The cost of producing hydrogen by electrolysis is dominated by the cost of the electricity – approximately 50 MWh producing one tonne of hydrogen.  In the 12 months from 2007 February 1 to 2008 January 31, the time-weighted average price for electricity in Ontario was 47.49 $/MW.h.  If applied to continuous electrolysis, this would be equivalent to 2346 $/t using an alkaline electrolyser.  In large-scale production, this type of cell is estimated to cost 500 $/kA.  Electrolysis cells of this type are not subject to significant deterioration over time so capital recovery has been costed at 11.75%/a (20-year amortization at 10%/a interest).  Cell capital and operating costs add 331 $/t H2 for a total of 2815 $/t H2.

Electricity cost/price

This value would clearly have been competitive with SMR-produced hydrogen.  But future electricity prices in Ontario are almost certain to be much higher as the costs of substantial amounts of new generating capacity that will be deployed in the 2010s dilute the existing low-cost hydraulic and nuclear capacity.   Indeed, the recent 12-month period has had quite anomalously low prices.  So we have examined the use of electricity at times of off-peak demand.  Not all electricity markets operate electricity systems where price responds to demand.  Canada has at least three provinces where electricity is predominantly hydro-electric – British Columbia, Manitoba and Quebec – in which generation can be readily altered to meet demand.  However, this is not the norm and even in Canada, the two provinces with largest electricity consumption – Ontario and Alberta – have open electricity markets in which the hourly price paid to electricity producers is set by auction 24 hours in advance.  Prices in both these provincial markets vary considerably.  Figure 4 shows a typical one-week snapshot of actual hourly Ontario prices from 2007 December.  (These are the buying prices set by the Independent Electricity System Operator of Ontario for delivery to the Ontario grid.)   Figure 5 shows the distribution of prices (rounded to the nearest dollar) over the entire Ontario and Alberta years of data as well as the cumulative patterns.

Electrolyser costs

Intermittent hydrogen production obviously requires higher processing capacity per unit of hydrogen production.  There are two ways of arranging this: either add cells or operate the cells at higher current density.  Hydrogenics Corporation
, a leading manufacturer of alkaline electrolysers, estimates that the cost of cells should be increased by 10% for the ability to increase current density by 36%.  Proprietary information on the effect of current density on cell voltage indicates about a 3% increase in voltage when current is increased over this range.  (The precise equation used in our calculations is proprietary but includes terms for rectifier losses and compressor power as well as the cell voltage.)

Hydrogen storage costs

Intermittent production also requires the capability of storing hydrogen to maintain supply during periods of high electricity prices.  Far the cheapest form of storage is in underground salt caverns.  These are used extensively to store natural gas but have also been used for over 30 years to store hydrogen by ICI in Teesside in the United Kingdom.  (In the Teesside operation, pressure is maintained in the cavern by pumping of saturated brine solution.)  Forsberg
 has estimated the cost of salt-cavern storage for hydrogen in the range of 800 to 2000 $/t H2 capacity for U.S. Gulf Coast locations.  Salt domes exist in Ontario – salt is mined in several locations in SW Ontario – and we have used a conservative 5000 $/t H2-storage capacity to reflect the possibility of somewhat higher costs where convenient sea disposal of the brine from hollowing out caverns is impractical.  In this situation, it is usual to recover and sell the salt from the brine.  (This price is unimportant since it contributes only about 0.1% of the total production cost.)  The same charge rate on capital has been used as for the electrolysis cells.

Minimization of the cost of hydrogen produced intermittently was accomplished using a spreadsheet with the actual hourly values of electricity prices for the year ending 2008 The logic of this operation is laid out in Figure 6.
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A desired average percentage of conversion is set and six variables are then optimized (using EXCEL’s Solver function and manual perturbation – because the data are far from following a smooth function): (1) cell capacity; (2) storage capacity; (3) threshold price below which electricity will be converted to hydrogen; (4) a lower threshold price below which higher current can be applied; and (5) a higher threshold price that will be applied when the volume in storage falls below (6) a low-storage level.  Demand for the hydrogen product is assumed to be constant.  The solution is constrained: (1) so that production never exceeds the available storage capacity; (2) so that demand is always satisfied – i.e. that storage is never emptied.   Optimized results are presented in Table 1.

The unit cost of hydrogen (Column L) declines slowly as the fraction of conversion falls even though costs of electrolysis cells (Column J) and their operation are rising (operating cost (Column H) is taken as proportional to the installation size – reasonably so since there will be a large number of cell units).  The average price paid for electricity (Column K) falls more rapidly than the other costs rise.  Throughout, making and selling hydrogen at the SMR price (with gas equivalent to oil at 105 $/bbl) is more profitable than selling electricity at the market price. 
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As already noted, however, the cost of electricity in Ontario in the twelve months to 2008 January was only 47.78 $/MW.h.  This is much too low to be credibly representative of future electricity prices.  To see whether intermittent hydrogen production would remain economical in a future electricity market, data from Alberta in Calendar 2006 was analysed.  In Alberta in that year, electricity prices averaged 72.34 $/MW.h.  Interestingly, the electricity market in Alberta in 2006 appears to have been under demand pressure with extreme price spikes at times of high demand but quite low prices off-peak, suggesting that intermittent hydrogen production would remain attractive.  Figure 7, which plots prices in the two markets ordered from the lowest to the highest cost shows this, with Alberta prices exceeding Ontario’s for the cheapest 20% of the periods.

Table 2 shows the results of optimizations for various conversion fractions of electricity to hydrogen for the 2006 Alberta price data.
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The revenue distributions for the Ontario and Alberta optimizations are shown graphically in Figures 8 and 9, respectively.
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Clearly, with hydrogen valued at 3280 $/t, producing hydrogen is always economic at all levels of electricity conversion.  The revenue distributions for the Ontario and Alberta optimizations are shown graphically in Figures 8 and 9, respectively, superior to selling electricity.  In the Alberta situation, where the average price of electricity is higher than in the Ontario situation, converting most of the electricity is much more profitable than total conversion.

NuWind™: combining electricity from nuclear and wind sources
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Nuclear- and wind-generated electricity share one characteristic of their low GHG emissions: more than two orders of magnitude below those produced by carbon-produced electricity and almost all of that associated with materials of construction.  In other respects, they are very dissimilar.  The most important dissimilarity is their output characteristics.  Nuclear plants are best operated continuously and have high capacity factors, usually exceeding 90%.  Wind turbines operate intermittently and unpredictably with capacity factors that are usually under one-third.  We have previously examined combination of these two dissimilar sources for electrolytic hydrogen production in the concept that we have termed NuWind™.  Our previous studies used mid-latitude wind data from Europe, which was considered fairly representative but was nonetheless an artificial combination.  Starting in mid-2006, extensive data on the performance of wind turbines in Ontario has become available.  Three wind farms in Southwestern Ontario, Amaranth, Kingsbridge and Port Burwell, with nominal capacities of 66, 39 and 99 MW, respectively, have been in full operation.  Hourly data on their performance is available from the website of the Ontario electricity supply regulator (IESO)
.  Consequently, we have now been able to examine the NuWind concept with real-price data and wind data that are co-incident in both time and location.  The average capacity factor for these three sites in the period from 2007 February 1 to 2008 January 31 was 30.44%.

Within its variability, wind generation in many mid-latitude locations has a high level of seasonal variation.  Monthly averages for the combined output of these three Ontario sites are shown in Figure 10.   While converting wind-generated electricity to hydrogen is sometimes suggested as a way of overcoming the problems associated with wind’s intermittency, the economics clearly will be inferior to those with a continuous source of electricity generation.  With all output from these windfarms directed to hydrogen production, the cost of the large storage capacity (exceeding eight months) would be about 400 $/t H2, operating costs and cell capital costs would be increased by the inverse of the capacity factor to 462 $/t H2 and 1087 $/t H2, respectively, and the energy cost would remain at 2352 $/t H2.  The total is around 4300 $/t H2 and is not competitive with SMR-produced hydrogen.  Co-production of electricity and hydrogen makes the situation even worse since the cell costs are all amplified (see Table 1) by over a factor of three thus more than offsetting the lower cost of the electrical energy.
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NuWind embeds electricity generation from wind within a flow of electricity coming from base-loaded nuclear.  This utilizes the capability of the electrolysis cells to handle additional current whenever wind-generated output is available.  As before, all electricity is assumed to be sold to the grid whenever the grid price is sufficiently high.  Cases where 20% of the total electrical input comes from wind are presented in Table 3 (bold type) along with cases with electricity coming from only the nuclear source.

As Table 3 and Figure 11 show, allowing 20% of the electricity to be sourced from the windfarms has negligible effect on the cost of electricity production.

Discussion

The cost comparison in this analysis is between existing electricity prices and projected future prices for natural gas.  One is entitled to wonder how realistic the projected costs for both electricity and natural gas are.  

The future price of electricity in Ontario is almost certain to be higher than existed in 2007-08.  Moreover, the Government of Ontario is committed to phase-out of the existing coal-fired generation of electricity and its replacement – at least in part – with nuclear-produced electricity.  Since coal-fired generating capacity in Ontario is currently utilized for only 52% of the time, the nuclear replacement of coal-fired generation is likely to put downward pressure on future off-peak prices.  A widely held concern that a shortfall in generating capacity will emerge in Ontario, at least for the mid-2010s, would further reinforce the view that future Ontario markets will resemble the 2006 Alberta market.

The assumption on the future price of natural gas seems plausible based on the historic correlation between oil and gas prices, in an oil market that appears to be reflecting long-term pressure on what is a very finite resource.  The growing amounts of natural gas imports into North America in the form of LNG will likely strengthen the linkage between oil and gas prices.

It is becoming clear too that the time of free CO2 emissions is passing.  Either as a cost for capture and storage or as a carbon-emission tax, the cost element assumed here seems reasonable.

The production cost of electrolytic hydrogen has been calculated at around 2500 to 2600 $/t.  Apart from electricity, the other important cost element is the electrolysis cells.  The tables show that that cost could double and electrolytic hydrogen would still be cheaper than SMR production.

Conclusions

With the projected higher price of natural gas and the cost of CO2 sequestration added, hydrogen produced by electrolysis has become strongly competitive with the traditional SMR production process.

NuWind’s potential has been confirmed with data for wind-generated electricity that is entirely relevant to the Ontario market.  

The Alberta data suggest that hydrogen generated by interruptible electrolysis will remain competitive even with the significantly higher average price of electricity that can be expected in future.
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