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Scenarios for future use of hydrogen and fuel cells

Bent Sarensen

Roskilde University, Universitetsveg 1, DK-4000 Roskilde, Denmark.
Email; bes@ruc.dk; web: http://mmif.ruc.dk/energy; http://www.danbbs.dk/~novator

Abgtract: Scenariosfor atrangtion to a hydrogen society are congtructed. The scenarios are detailed on both
ageographica scde (500m by 500m grid) and atime scale (hourly), for Denmark. The physica basisfor the
scenaios is the exploitation of renewable energy resources adready in progress in Denmark. Hydrogen is
proposed as a convenient energy carrier due to its versatility in use, transmisson and as an energy storage
medium. Two main scenarios are congructed, differing in the degree of decentraisation of energy production
and management: one resembles the current systlem with centrdised fadilities and commercid management, the
other being based upon a projected scale-independent cogt structure of energy producing and handling equip-
ment, thet will alow extreme decentrdisation of the physical energy converson system, possibly accompanied
by asmilar decentrdisation of ownership and control.

1. Purpose of study

For some years, Denmark has enjoyed broad parliamentary agreement on an energy future laid down in aroad
map sretching 30 yearsinto the future [1]. This plan uses annua time steps and looks at the whole country as
one planning unit, in its cal for massve introduction of renewable energy supply and particularly wind power
into a changing society continuing to place emphasis on efficient use of resources. The authors of the plan
redlise that more study is needed to determine the implications of variaions in renewable energy production
in terms of need for energy trade or energy storage. Thisis the task taken up by the current study, the basic
parts of which have been presented in Danish through work for the Danish Energy Agency [2]. This paper
highlights the role to be played by hydrogen and fud cells in creeting the conditions for the Danish Energy
Future Plan to become areditic path to follow. It uses a geographica grid of 500m” 500m to match demand
and supply, and works on atime-grid of one hour in order to capture the supply-demand mismatch that may
cdl for management solutions (import-export, demand adjustments, etc.) or the addition of energy storage,
locdly or in centraised fecilities.

2. Defining the problem caused by high penetration of fluctuating energy sour ces.

Wind power isthe only of the new renewable energy technologies (as contrasted to hydro and conventiona
geotherma power or biomass combustion) that has significantly penetrated the market and has reached aprice
level being congdered competitive to fossil and nuclear dternativesin dl societies concerned about the full
socid codts of energy provison [3]. Wind power onshore and offshore currently cover around 20% of the total
electricity demand in Denmark, and the officid plan mentioned cdls for continued growth of wind power
implementation on a number of (particularly offshore) Stes dready designated for the purpose (sse Fg. 1). The
potentia wind power that may be derived from these Stes by far exceeds any expectation for the tota future
electricity demand.

Wind power exhibits anumber of interesting characterigtics, asillugtrated in the hourly production curve shown
in Fg. 2 for aperiod of ayear: The overal seasond variation matches that of expected dectricity demand very
well, and mismatches happen on the time scale of aweek or two, corresponding to the passage of weather



systems over the limited extent of the Danish main territory. Clearly, the minimum wind production is nearly
zero (Fig. 3), as the smoothing obtained by using different stes does not sgnificantly involve new weeather
systems. However, the maximum can be very large, depending on the wind turbine design and particularly the
blade aerodynamics. For current commercid turbines, the maximum is 3-4 times the average power produc-
tion. This explains the need to cope with occasiona huge excess production that cannot be matched to the
actud demand a the time.
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Figure 1. Power in wind for Danish land areas and indication of offshore areas set asde for wind power
utilisation [6-8]. All Figuresin this paper are derived from [2], [4] or [5], are O Bent Sgrensen (2001) and
are used by permisson.
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Figure 2. Hourly renewable energy eectricity production, mainly wind power, in centralised scenario for 2050,
along with scenario eectricity demand
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Figure 3. Power duration curves for al wind turbinesin the centralised 2050 scenario, compared to that of
asngle turbine placed onshore and offshore.

Due to this characterigtics of wind power variations, no seasonal storage is required, but only storage corre-
sponding to afew weeks of demand. The dternative of sdlling surplus power and buying in case of a deficit
relaive to demand, on the Nordic or the European power podls, is less attractive because of the often short
notice, upon which large needs for export or import occur, leading to very low sdling prices and very high
buying prices. It is thus proposed to use hydrogen storage as the means to dedl with the problem.

Two hydrogen storage options have been devised for dealing with the issue, tied to the two types of future
energy systems considered in the scenarios constructed for year 2050 (this year selected because the fossl

components of the Danish energy system are assumed to have gone by then as aresult of the greenhouse gas
abatement policy facing out cod fired power stations, and the exhaustion of Danish North Sea gas and ol

reserves combined with the unlikeness of Denmark being awarded any share of the lute from wars over the
Middle East ail and gas). Figs. 4 and 5 shows the overdl schemes of the two scenarios, to be dedlt with in
more detail in the next sections.
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3. A conventional scenario based on centralised conversion and stor age facilities.

The centralised scenario stipulates hydrogen to be produced from excess wind power at the Site of existing
power plants, where converson is expected to be made usng modern eectrolyss plants (efficiency near 90%).
If reversed fud cells by the time are developed to amilar efficiency and acceptable price, they may be used
indtead (currently single plate hydrogen producing PEM fud cells have been developed to that leve of effi-
ciency, but a very high cost. Two-way PEM cdls usualy produce hydrogen at an efficiency aslow as 50%).
Fig. 6 shows the digtribution of hydrogen producing plants, which have been taken as the Stes of the roughly
2000 fossl (combined heat and power) plants presently existing in Denmark.
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Figure 6. Hydrogen production from surplus wind power in the centralised 2050 scenario.

The time pattern of wind and PV power production used directly or giving rise the surpluses converted to
hydrogen for storage was shown in Fig. 2. Fig. 7 shows the amount of wind power used directly done, on a
logarithmic scale, and Fg. 8 the part converted to hydrogen, exhibiting a somewhat stronger time variaion, but
on ashort time scale as expected and in line with the capacity of required storage being limited (also shown
IS an amount of surplus power used to cover heating needs through hest pumps — this being another way of
making sensble use of excess power, to make up for periods where heat requirements cannot be covered by
fud cdl waste heat and solar thermd ingtdlations alone). The scenarios ded with dl types of energy demand
and have segments not described here[2].

The choice of hydrogen storage facility in the centralised scenario is underground caverns, of which the Danish



underground isrich. Two are dready at present in use for storing naturad gas (as security againg failure of the
sea pipes to the North Sea extraction sites). One is awashed-out sdt intrusion dome and the other an aguifer
upward bend, with cavity sizes of 750 and 1000 million nf [6]. The capacity of these stores for hydrogen
storage — assuming that they can be made sufficiently tight by suitable seding — by far exceed the modest 13
million n? needed according to the time simulation shown in Fig. 9 for storage & a pressure of 5 MPa, where
the energy content of compressed hydrogen is 150 KWHn? [7].
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Figure 7. Electricity produced by renewable energy (mainly wind) in the centralised 2050 scenario, and used
directly without need for storing.
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Figure 8. Remaining eectricity production in the centralised scenario, passed to the dectrolysis units for
hydrogen production and storage. Also shown are the smaler amounts used to power heat pumps.
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Figure 9. Time development of storage filling for the underground cavern stores used in the centralised 2050
scenario. Beow is shown an additiona small amount of hydrogen production on the basis of biomass resdues
from Danish agriculture. Figure 10 below: see caption next page.
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Figure 10 (previous page). Renewable production of dectricity in the centrdised 2050 scenario. The fainter
areas are locations of PV integrated into buildings, the dots are wind turbines or wind parks, and the offshore
wind farms are a selection of the possible Sites, of which the largest oneis only partidly filled up.

Fg. 10. shows the geographicd didtribution of the primary renewable energy eectricity input, based on wind
turbines placed on land (on existing sites where smaller wind turbines are supposed replaced by current gen-
eration machines rated a 2-4 MW each), off shore on afraction of the areas set asde (Fig. 1), plus photovol-
taic pand's assumed to be mounted on 25% of suitably south-facing roofs and facades. The power contribution

ismainly during summer, where wind power isa aminimum.
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Figure 11. Coverage of trangportation demands in the centralised scenario.

Fgure 11 shows the locations in the centrdised scenario of filling stations for private motorcars, buses, lorries
(assumed to use not hydrogen but methanal), ships and planes. Also indicated are hydrogen gas lines and the
two main hydrogen underground cavern sites. For trains and in the city of Copenhagen, eectric vehiclesare
assumed to bein use. The totas indicate that hydrogen isthe main fuel used for transport.




4. A decentralised hydrogen scenario.

In the decentralised 2050 scenario, each or nearly dl buildings are assumed to be equipped with areversble
fud cdl cgpable of storing surplus dectricity from renewable energy sources received through the grid, of using
the hydrogen to fill the tank of any vehiclesin garages attached to the building (the vehicle fud tanks serving
as an extenson of any saionary hydrogen stores in the building), and findly of re-generating ectricity from
stored hydrogen when direct supply isinsufficient (cf. Fig. 5).

The hydrogen storesin buildings, and possibly aso in vehicles, may for increased safety be not compressed
storage tanks but metal hydrides or carbon nanofibre stores. None of the latter is devel oped to the stage of
industriad production yet. Should the reversble fud cdl technology presently under commercidisation turn out
impractica for the stated reasons of efficiency or cogt, there would have to be two fud cdl ingdlations (opti-
mised for opposite operation) in each building, or one fud cell and one other kind of eectrolyser. Current
development makes it far more likely, that the winning fud cdl technology be PEM FC' srather than SOFC's
or MOFC's, because if it becomes mass produced for automotive applications, its cost will likely diminish to
alevd whereit can eadly offset any possible in efficiency that the other types of fud cells may have.
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Figure 12. Hydrogen production from surplus wind power in the decentral 2050 scenario.

The hydrogen production geographical distribution, which is thus basicdly a map of building digtribution, is
shown in Fg. 12, notably different from Fig. 6 describing the corresponding locations of hydrogen production
in the centralised scenario. The main primary renewable energy production is shown in Fg. 13, differing only



dightly from that of Fig. 10, due to less energy being required in the decentrdised scenario. Additiona contri-
butions from agricultura residues are not shown [2]. The hydrogen obtained from surplus renewable energy
production (chiefly wind power) is either loaded into vehicles at the decentralised building premises, or stored
into locd hydrogen storage fadilities. The annud smulations show, that the maximum storage required because
of mismatch between surplus power and power demands is the equivaent of one haf cubic metre of meta
hydride storage, even disregarding the hydrogen that may be stored in vehicles in the garages of the buildings.
This sore Sze is quite managesble for nearly dl buildings, being placed in basements or buried under or adja-
cent to the building.

The variaion infilling of dl the decentraised doresisillugrated in the time-amulation results depicted in Figs.
14 and 15. Fg. 14 shows the results for the amount of storage mentioned above, corresponding to 60 EJtota
dorage capacity. It is seen that there are afew hours during the year, where this sorage isinsufficient. Increes-
ing store szes does not solve the problem, but increasing the amount of ingtdled offshore wind power so that
the production increase from 99 to 180 PJ does, as shown in Fig. 15. It is seen that the Store is now sufficient
a dl times during the year of data consdered. However, wind power totas aswell as didributionsin time vary
from year to year, and it is not assured thet the store will be sufficient for al years It isbdieved that thisisaso
not required, for the following reason:
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Figure 13. Renewable production of eectricity in the decentral 2050 scenario, in andogy to that of the cen
tralised scenario shown in Fg. 10. Due to smdler demand, the overdl production isaso smdler in the decen
tralised scenario.
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Figure 14. Decentralised scenario: Variaions over the year 2050 in filling of al hydrogen stores combined,
for reference case.
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Figure 15. Modified decentralised scenario: Variations over the year 2050 in filling of al hydrogen stores
combined, with offshore wind power production increased to 180 PJ.

The picture of the transport sector organisation issimilar to Fig. 11, except that private cars are mainly filled
in the garages of buildings. Further, the trangportation energy totals are less in the decentralised scenario: 46
PJy hydrogen, 18 PJ methanol and 5 PJ ectricity.

5. Discussion.

Asnoted the totd energy production is the two scenarios is not identica. The higher end-use demand assumed
in the centralised scenario (281 PJYy) reflects the more conventiona nature of this scenario, where a tendency



has long been naticed: that many people are willing to pay the often higher price for new energy provison
technology then they are for energy efficiency technology maintaining the same end-use sarvice a alower price.
The decentralised scenario, on the other hand, assumes arationd socia policy and consumer behaviour, in
which energy efficiency measures are properly ranked relative to new supply options. This reduces the end-use
energy demand to 186 PJy) and dlows the system to work with alower primary production. However, it is
not necessarily chegper, because the decentrdised fud cdl and storage units may wdl be more expensive per
kW of rated power than centrdised ones. Still, they may be preferred because of the customer gpped of being
your own energy producer, both as regards dectricity, heat and motor fuels.

The criticd itemsfor the introduction of hydrogen in the future energy system are cost and inertiain infrastruc-
ture. The fud cdll costs have over the last 5 years changed from about 7 euro/W to 30 euro/W, with an ex-
pectation of apricefal the coming years, due to heavy research, development and commercidisation invest-
ments over the past couple of years. Yet, the fud cdl technology is not so different from that of eg. lithiumion
batteries (polymer membranes, catalysts a dectrodes), which has not fulfilled the hope of price dedline making
such batteries of interest for gpplications other than smdl scae consumer dectronics. The solutionsto technica
problems of gability and lifetime are likely to involve additiond cods, and a cautious guessis thet the price may
drop by afactor of 5-10 over the next decade, provided that demand allows suitable mass production. This
does not bring the price down to current dternatives, even including environmenta externdities, and it would
not seem that the conditions for accepting such prices could be established before actud fud shortagesincrease
the cost of fossil fuels. It is thus for good reasons that the scenario work described above looks at a 50-year
period for a complete turnover of the energy system.

The question of infrastructure change will pose an initid barrier to introduction of centralised hydrogen, whereas
the concept of decentra hydrogen utilisation may evolve naturdly from an initid introduction of building-

integrated fud cells based on naturd gas, to be later replaced by reversible fud cells producing and using
hydrogen and thus making the building reedy for tota energy supply induding filling of hydrogen-basad vehicles
belonging to the owners, occupants or guests of each building.
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