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In this article, a number of future energy visions,
especially those basing the energy systems on hydro-
gen, are discussed. Some often missing comparisons
between alternatives, from a sustainability perspec-
tive, are identified and then performed for energy
storage, energy transportation, and energy use in
vehicles. It is shown that it is important to be aware
of the losses implied by production, packaging, dis-
tribution, storage, and end-use of hydrogen when
suggesting a “hydrogen economy.” It is also shown
that for stationary electric energy storage, fuel cell
electrolyzers could be feasible. Zero-tailpipe-
emission vehicles are compared. The battery electric
vehicle has the highest electrical efficiency, but other
requirements imply that plug-in hybrids or fuel cell
hybrids might be a better option in some types of
vehicles. Finally, a simplified example is applied to
the overall results and used to discuss the needs and
nature of an energy system based on intermittent
energy sources.

Keywords: sustainability; hydrogen; storage; inter-
mittent; fuel cells; electric vehicles

1. Introduction

Aim

The overall topic of this article is to compare
hydrogen-based energy system solutions to other sus-
tainable options. Comparisons with alternatives, such
as electricity, are often missing when hydrogen is

discussed. The main evaluation criterion for the com-
parisons in this article is efficiency, but in addition we
present important issues to consider when planning for
a future sustainable energy system.

First, however, there is a need to clarify what is
meant by sustainability and hydrogen (for use in fuel
cells), because the two in many cases are mixed up,
misused, and sometimes thought to be inseparable.

Sustainability

The energy demand of the three main sectors of
the energy system, households, industry, and trans-
portation, is considerable and still steadily increasing.
It is a development that together with limited fossil
fuel resources, a need for energy supply security, and
environmental and health impacts has created an
incentive for society to develop a more long-term
sustainable energy system.

The results of today’s research on future energy
supplies are important because it will help outline the
direction of the future energy system and provide a
basis for the energy investments of today. When plan-
ning for a sustainable energy system, one would first
have to define sustainability and then compare char-
acteristics and estimated data on the suggested tech-
nical solutions of the total energy system.

So, what is a sustainable energy system? According
to the definition of the word sustainable by Bruntland
(1987), sustainable development is a “development
that meets the needs of the present without compro-
mising the ability of future generations to meet their
own needs” (p. 8). Furthermore, in the World Energy
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Assessment (United Nations Development Programme,
2000), a link between sustainable development and
energy production is said to have two dimensions. One
is that energy services should satisfy basic human
needs, improve social welfare, and achieve economic
development. The other is that “production and use of
energy should not endanger the quality of life of 
current and future generations and should not exceed 
the carrying capacity of ecosystems” (p. 31). Although
acknowledging the importance of the former, the social
and economical dimensions of sustainability,1 this arti-
cle focuses on the latter ecological dimension.

This article is primarily applicable for industrial-
ized countries that have high levels of social welfare
and GDP per capita and therefore could have ecolog-
ical sustainability as a top priority. The view of the
authors is that an ecologically sustainable energy sys-
tem is based on renewable energy sources and that
industrialized countries should develop and lead the
way toward such a future. Today’s unsustainable sys-
tem based on nuclear and fossil energy should be left
behind, a system that causes adverse environmental
effects all around the globe.

Producing energy will always be associated with
the use of resources. To use energy in the most effi-
cient way will therefore, also in the future, be prefer-
able. Efficiency is consequently used as the main
evaluation criterion in this article. One should be
aware that efficiency is not the only criterion in eval-
uating the sustainability of different alternatives. The
carrying capacity of ecosystems and environmental
impact, such as materials depletion and biodiversity
of using different technologies, could be investigated
thoroughly through detailed life cycle analysis. This
is, however, not within the scope of this study.

Hydrogen and Hydrogen Visions

A potential future sustainable energy system is
often said to be the “hydrogen economy,” that is, a
system based fully or partly on hydrogen as energy
carrier (e.g., European Commission [EUR], 2003;
Ogden, 2002). Hydrogen is a fuel suitable for use in
fuel cells—a zero-emission combination. Hydrogen
is also discussed for use in internal combustion
engines, but that would then not constitute a zero-
emission combination. In an energy system with
long-term sustainability as goal, hydrogen-fueled
fuel cells in various energy configurations are inter-
esting options. Here, hydrogen can be viewed as an
energy carrier and, as such, serve as intermittent
energy storage. However, others argue against the

hydrogen economy, pointing out the high overall
exergy losses from all the required energy conver-
sions (Bossel, Eliasson, & Taylor, 2003).

Many countries and regions have presented their
own hydrogen and fuel cell visions lately (e.g., NOU,
2004; U.S. Department of Energy, 2001; EUR, 2003;
NL, 2005). Several visionary papers have been
reviewed. A number of these visions focus exclu-
sively on the hydrogen economy, that is, hydrogen
and ways to implement hydrogen in the energy sys-
tem. In some, a roadmap for the development during
the next 50 years toward a hydrogen economy is
included (U.S. Department of Energy, 2001; EUR,
2003). Two of the most comprehensive ones come
from Norway and the United States (NOU, 2004;
U.S. Department of Energy, 2001). They both recog-
nize climate change as an important problem and
state that hydrogen is needed to reduce effects on the
climate and environment. For Norway, hydrogen
could also be a way of sustaining their petroleum-
dependent economy. Hydrogen production from nat-
ural gas together with CO2 capture and storage
including enhanced oil recovery could be the answer.
For the United States, it is foremost a question of
national security and security of supply. They plan to
use their number one domestic fuel, coal, to make
hydrogen, and like Norway, use CO2 capture and stor-
age to limit the adverse effects on the climate.
However, in the context of sustainability, these efforts
seem meaningless. Hydrogen production from fossil
fuels, with or without CO2 capture and storage, does
not diminish the problem with depleting fossil
resources or environmental problems other than cli-
mate change, for example acidification. The sustain-
ability of CO2 storage can be disputed because of the
risk of leakage, as well as the fact that it sets huge
areas off limits to future activities that may perhaps
disturb the containment. Last but not least, CO2 stor-
age sites might require monitoring for centuries to
come, and it is not sustainable to hand over such bur-
dens to future generations.

Other studies have a clearer focus on health and
environmental issues, for example World Health
Organization (WHO; 2004), when making recom-
mendations on how to transform the energy system.
WHO claims that access to commercial energy is
important for both health and reduced poverty, but
it should be based on renewable energy and, more
specifically, those alternatives based on noncom-
bustion processes. The combustion of coal, oil, and
gas causes the most severe health effects, whereas
photovoltaic and wind power are associated with
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fewer health effects. They refer to the work done
within the ExternE project (2001), where, for
example, coal power is estimated to have up to 100
times higher external costs than wind power. Thus, a
development of noncombustion renewable technolo-
gies should be pursued.

Another type of vision makes roadmaps for the
hydrogen future without comparing it with other tech-
nical solutions (e.g., Ramirez-Salgado & Estrada-
Martinez, 2004; Sorensen et al., 2004), or without
regarding efficiency or emission levels. If not read in
the right context, these visions may result in a some-
what naive view, a belief that hydrogen (and fuel cells)
will solve all problems.

Missing Comparisons

Hydrogen is, as described above, often seen as the
evident energy carrier in future energy systems. One
of the major disadvantages of using hydrogen as an
energy carrier is the conversion losses it implies. This
is emphasized in Figure 1, where, reading from the
left to the right, that is, in the way of the energy flow,
the energy efficiencies for end use in vehicles or sta-
tionary applications for pure electricity and hydrogen
(independent of production method) are shown.
Figure 1 shows that even if the energy source is
hydrogen, it would be more efficient to convert the
hydrogen into electricity and use the electricity
directly in electric vehicles than to use hydrogen in
fuel cell–powered electric vehicles. However, the
solution providing the highest efficiency is not neces-
sarily the optimum, as factors such as acceptance and
safety aspects and those concerning the end use, for
example the driving range and the service life, also
have an impact on the overall solution.

It is therefore important to specify the conditions
and the context for the use of hydrogen in the future
energy system. This is, first of all, to refrain from
using hydrogen in the wrong context, risking bad
will, and second, to ensure obtaining all the advan-
tages of hydrogen. As exemplified in Figure 1, even
an energy chain with the goal of supplying fuel to
vehicles could produce a large amount of heat possi-
ble to utilize in, for example, district heating net-
works, that is, joint planning means gains in total
efficiency.

This article focuses on some of comparisons iden-
tified as missing in the literature. More specifically,
those missing comparisons are applied and exempli-
fied in three different sectors:

• Section 2. Stationary electrical energy stor-
age. Many sustainable energy system visions
are based on intermittent energy sources such
as wind and photovoltaics. Here, different
technical options for electrical energy storage
have been compared as function of well-
selected and presented factors.

• Section 3. Long-distance energy distribution—
hydrogen compared to electricity. A pure
hydrogen economy is supposed to include
transport of hydrogen in pipelines. This form
of energy distribution is here compared to con-
ventional alternating current (AC) power grids
and high voltage direct current (HVDC) grids.

• Section 4. Hydrogen fuel cell vehicles in
comparison with pure electric vehicles. Few
studies compare the long-term alternatives of
battery electric and hydrogen fuel cell electric
vehicles, which both are alternatives fulfill-
ing the criteria of zero (local) tailpipe emissions,

[LHV] First conversion Packaging Distr. Storage End-use Product
El. 0.97 stationary 1.00 el
El. 0.80 H2 + 0.20 Q 0.80 CH2 0.97 0.45 vehicle 0.28 + 0.20 Q
El. 0.97 0.85 battery 0.75 vehicle 0.62
H2 0.65 el + 0.35 Q 0.97 0.85 battery 0.75 vehicle 0.40 + 0.35 Q
H2 0.80 CH2 0.97 0.45 vehicle 0.35
H2 0.65 el + 0.35 Q 0.90 CH2 0.97 stationary 0.57 el + 0.35 Q

Central location of 
conversion essential 
 - to utilise heat

Electricity for higher 
efficiency than with 
hydrogen in tractionary 
applications

Higher utilization of 
hydrogen in stationary 
than tractionary 
applications

Even if the source is 
hydrogen, it is better to 
first produce electricity!

Figure 1. Estimated Whole Energy Chain Efficiencies, Based on Available Hydrogen or Electricity With End Use in Stationary
or in Tractionary (Fuel Cell or Electric Vehicle) Applications
Note: El = electricity. In the first conversion, 100% lower heating value is assumed useful (above 100% is losses), CH2 denotes hydro-
gen compressed to a moderate pressure, Q is usable heat. All conversion efficiencies are approximated, learning towards the higher end.
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low noise emissions, and full energy source
flexibility. Here, focus is on parameters impor-
tant for the decision of driveline specifica-
tion for different road vehicle transportation
applications.

Finally, in Section 5, calculations have been per-
formed for an exemplifying future energy system
based on intermittent sources, in order to investigate
the nature and needs of such a system.

2. Stationary Electric Energy
Storage Systems

Electrical Energy Storage Technologies

The use of hydrogen and fuel cells as electric
energy storage systems is one application where the
expectations for fuel cells and hydrogen are high.
However, there are few papers on how fuel cells per-
form compared to other storage technologies. In this
section, we compare a fuel cell–electrolyzer system
with hydrogen storage to other stationary electric
energy storages (for electric energy storages in vehi-
cles, see Section 4). The comparison focuses on
energy efficiency and the cost is not considered.

When studying stationary electric energy storage,
it is important to know the kind of storage needed.
The purpose of the storage can be either short-term
load leveling or long-term energy backup. The differ-
ent technologies have different characteristics and
thereby present different possibilities. Important

characteristics of electric energy storages are
response time, discharge time, standby losses, capac-
ity, energy density in mass and volume, power den-
sity, and efficiency. Technologies with long discharge
time and low standby losses are for obvious reasons
better suited for long-term energy storage, and the
technologies with low response time are better suited
for short-term load leveling.

Pumped hydro storage, compressed air electric stor-
age (CAES), advanced batteries, flow batteries, and
electrolyzer–fuel cell systems with hydrogen storage
are examples of electric energy storages that are well
suited for long-term stationary energy storage because
of their high energy capacity, long discharge time, and
power output (see Table 1). In the field of rapid power
flywheels, batteries and super capacitors can be used.
In many stationary applications, a combination of dif-
ferent electric energy storage technologies might be
the best solution.

Characteristics of a 
Fuel Cell–Electrolyzer System

When calculating and examining the characteristics
of fuel cell–electrolyzer systems, it is obvious that the
choice of hydrogen storage greatly affects the energy
density of the system. In the calculations, the power
density of the fuel cell system is approximated to 0.5
kW/kg and the volumetric power density to 1,000
kW/m3. The system used in the calculations consists of
separate fuel cell system and electrolyzer, and the 
electrolyzer mass and volume are set to be the same 
as for the fuel cell. Two storages are compared, one 

Table 1. Characteristics of Electric Energy Storages

Storage Maximum Maximum Energy Capacity Power Output 
Technology Discharge Time Power Output Depends on Depends on

Pumped hydro Hours 1,000 MW Water storage size Turbine size
and height of fall

CAES Hours 1,000 MW Air storage size Turbine size
Fuel cell–electrolyzer Hours ~10 MW H2 storage size Stack size
Flow batteries Hours ~10 MW Size of electrolyte tank Stack size
Flywheels Minutes-hours ~500 kW Material strength (mass Generator size

of flywheel and speed)
SMES Seconds 100 MW Magnetic field created Control system
Super capacitors Seconds-hours Material and reactive area Reactive area
High energy cap Hours 100 kW
High power cap Seconds 5 MW

Source: Bernhoff (2002); Conte, Prosini, & Passerini (2004); Dell & Rand (2001); Electricity Storage Association (2005); Kondoh et al.
(2000).
Note: CAES = compressed air energy storage; SMES = super magnetic energy storage.
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gas storage at ambient temperature and pressure, here
calculated as a balloon, that is, without walls, and one
hydride storage. The hydride is assumed to be able to
store 45 kg H2/m

3 (1,778 kWh/m3), and 2 mass %, in
line with an actual storage system presented in Brunke
and Gardnier (2005). Figure 2 shows that the volumet-
ric density depends strongly on the type and size of the
hydrogen storage. Note that the volumetric density of
the hydride storage system is in MWh/m3 and the vol-
umetric density of the gas storage is in kWh/m3.

Comparison and Conclusions

Pumped hydro has good efficiency and also the
possibility of delivering high power on demand. In
areas where the site prerequisites are right, pumped
hydro would be the preferred alternative. Large-scale
storages of the CAES type are often combined with
fossil gas power plants and are therefore not of any
interest for our definition of a sustainable energy sys-
tem. CAES also needs special site prerequisites, for
example old salt mines for storing the air.

From Table 2 and Figure 2 it can be concluded that
fuel cell–electrolyzer systems differ from other storage
technologies in the aspect that the energy density by
volume very much depends on the way of storing
hydrogen. When the hydrogen is stored in metal
hydrides, the volumetric density is high compared with
other electric storages. For large stationary electric
energy storages, the volume of the storage might be
more important than the mass, especially if the storage
is needed in highly populated areas. However, due to

the low efficiency of the fuel cell–electrolyzer storage,
other alternatives, such as batteries and pumped hydro,
ought to be considered first.

An advantage of fuel cell–electrolyzer systems, as
well as pumped hydro and CAES, is that they are flex-
ible because the energy storage is separated from the
power output. The separation of energy storage and
power unit also makes the standby losses minimal.
Batteries have made progress in the past decade with
the new Li-ion batteries. The big advantage with bat-
teries is the high efficiency. A disadvantage is the rela-
tively large standby losses. For small and midsize
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Figure 2. The Fuel Cell–Electrolyzer Storage Properties for
a 100 kW System With Hydride Storage or Gas Storage at
Standard Temperature and Pressure

Table 2. Important Features of Electrical Storage Technologies

Efficiency, Electricity Energy Energy 
Technology to Electricity Density, Wh/kg Density, kWh/m33

Pumped hydro 60-85 0.55 (200 m) 0.56 (200 m), 2.8 (1 km)
CAES 30-50 140 1,600
Batteries (lead-acid) 75 20-35 25-80
Advanced batteries (Li-ion) 90-98 70-150 150-400
Fuel cell–electrolyzer systems 30-55aa 60-2,500 3.5-1,800
Hydride hydrogen storage 60-500 Up to 1,800
Gaseous hydrogen storage 250-2,500 <4
Flow batteries 70-85 20-50 20-30
SMES 90-95 3 2.5
Flywheels 80-95 10-12 10-20
Supercapacitors/ultracapacitors 90-100 10-20 20

Source: Bernhoff et al. (2002); Conte, Prosini, & Passerini (2004); Dell & Rand (2001); Electricity Storage Association (2005).
a. The efficiency of a fuel cell system is calculated with the efficiency of the electrolyzer between 70%-90% (AccaGen, 2005; Stuart
Energy, 2005) and the efficiency of the fuel cell system between 45%-60% (Fuel Cells Today, 2005); the energy lost in storing the hydro-
gen is neglected.

 © 2006 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.
 by rajaratnam shanthini on November 3, 2007 http://bst.sagepub.comDownloaded from 

http://bst.sagepub.com


storages, this would, however, be the first alternative if
the use of energy is frequent.

3. Energy Distribution—Power
Grid Versus Hydrogen Pipelines

High-Voltage Power Grids

Both high-voltage AC and direct current (DC) are
commercially available technologies. High-voltage
AC transmission has been the dominating technology
for many years. HVDC has become competitive in
niche applications where the transmission distance is
very long or where two separate grids with different
frequencies have to be connected (Rudervall,
Charpentier, & Sharma, 2005). An example of
HVDC lines is to be found at the Three Gorges
hydropower plant in central China, where power will
be transmitted over a distance of 1,060 km. Three
HVDC links are used to deliver 9,000 MW electrical
power (ABB, 2004).

Hydrogen Pipelines

When it comes to hydrogen pipelines, which have
not yet reached commercial status, fewer studies have
been performed. Leighty et al. (2003) and Kaske,
Schmidt, and Kanngiesser (1991) have performed
studies where larger hydrogen pipelines have been
investigated. Hydrogen pipelines have the advantage
of being an energy storage as well as an energy trans-
mission technology. Leighty et al. calculated that a Ø
1 m pipeline, 1,600 km long, could store 240 GWh if
compressed to 14 MPa and decompressed to 7 MPa.
These authors argue that no recent studies have been
performed on hydrogen pipeline costs, resulting in a
circular reference consensus that large-scale hydro-
gen pipeline transmission will cost 1.3 to 1.8 times
the cost of natural gas transmission. Amos (1998)
mentions a source that states that the breakeven in
costs between hydrogen and HV transmission is
somewhere between 1,000 and 2,250 km in favor of
the hydrogen pipelines for long distances. As of
today, no such system has been built, and the
numbers must be considered very insecure and
dependent on a wide range of assumptions, including
the amount of delivered energy per time unit.

The Comparison

Using electricity to produce hydrogen for distribu-
tion and then converting it back to electricity for

stationary use does not make thermodynamic sense
because of the losses related to the different conversion
steps (see Figure 1). If electricity is both the primary
source and what the end user wants, either HVDC or
HVAC should be used for transmission and distribu-
tion, even in the future. Hydrogen could be feasible in
applications where large amounts of energy and power
(>10 GW) need to be transmitted over long distances.
This is due to the high energy density that can be
achieved. Leighty et al. (2003) indicate that a Ø 1.7 m
pipeline would be capable of transporting 32 GW at 14
MPa, corresponding to more than 10 HVDC links. In
Sweden, the largest single demand of the year 2004
was 24 GW, implying that such pipelines probably will
not be built in “small” regions like Sweden. Other
issues that could affect the choice of transmission tech-
nology are public acceptance and perceived health
risks, which currently are a growing concern for the
power utilities when constructing new high voltage
transmission lines.

4. Renewable Energy in
the Transport Sector

Feasibility of Battery Electric and Fuel Cell
Vehicles in Different Vehicle Segments

It is clear that the transport sector in the future
needs not only to rely on energy or fuels from renew-
able energy sources but also utilize the energy-
onboard vehicles more efficiently than today. This
must happen at the same time as harmful emissions
are minimized and the costs kept at an acceptable
level. Various studies examine the well-to-tank, tank-
to-wheel, and the well-to-wheel efficiency and some-
times also the costs for various kinds of fuels and
drivelines (e.g., International Energy Agency and
Automotive Fuels Information Service, 1999; Kaul &
Edinger, 2004; Maclean & Lave, 2003).

Hydrogen-powered fuel cells are accepted by
many as the long-term solution for vehicle propul-
sion. There are several reasons for this. First, the
energy conversion process in fuels cells is highly
efficient and without harmful tailpipe emissions. It is
also virtually noise and vibration free, as it is a non-
combustion process and almost without moving
parts. Due to the relatively simple process, the tech-
nology has potential for low costs when mass pro-
duced. In addition, electric drivelines and fuel cells
enable new thinking considering vehicle design, as
the driveline components may be located or packed
rather freely.

Hedström et al. / PLANNING A SUSTAINABLE ENERGY FUTURE 269
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Others propose various biomass-based synthetic
fuels combusted in internal combustion engines as a
way of reducing both fossil CO2 emissions and the
dependence on foreign oil. It is not probable, though,
that all the energy needed for the transport sector in
the long-term perspective may be supplied by biofu-
els (Parikka, 2004). An increased use of energy pro-
duced from renewable electricity sources will be
needed to handle the demand.

Battery electric and fuel cell electric drivelines have
very similar characteristics. Both alternatives fulfill the
criteria of zero (local) tailpipe emissions, very low
noise emissions, and full energy-source flexibility
(Åhman, 2001; Eaves & Eaves, 2004) and are therefore
potentially competitors in the same markets where such
qualities are desired. They are also in a similar state of
development—both are very promising technologies in
terms of cost reduction when produced in larger
numbers, and they also have a potential, not yet proven,
for long-time reliability and durability. Even so, they
are seldom discussed as alternatives to each other but if
anything, separate as alternatives to various internal
combustion engine vehicles even though they can never
be completely interchangeable. The issue examined
more in detail in this study is how battery electric and
fuel cell electric drivelines compete against each other
in different vehicles. Not only is energy efficiency con-
sidered but also usage pattern and customer demands—
general feasibility—for different types of vehicles. The
comparison could give clues to in which form renew-
able electricity, pure or converted to hydrogen, could
and should be utilized in different parts of the road
transport sector.

The energy storage and energy utilization systems
chosen for the comparison are Li-ion batteries and

polymer electrolyte fuel cell system fueled with com-
pressed hydrogen, as they currently are regarded as
the most promising alternatives. Key characteristics
of driveline components when sizing complete drive-
lines are efficiency and energy and power density.
Data on battery systems, hydrogen storage systems,
and fuel cell systems are given at two levels to reflect
both the current status (2005) and future, further opti-
mized and developed systems in a 10-year perspec-
tive (2015); see Table 3.

Vehicle Segments and Demands

Specific vehicle segments potentially well suited for
batteries and fuel cells, that is, where zero (local)
tailpipe emissions and very low noise emissions may be
demanded, are listed in Table 4. In the first columns,
vehicle demands and characteristics important for siz-
ing drivelines and energy storage are defined. The
demands are based on various sources of information as
well as typical values. The sizes in terms of energy stor-
age capacity of electric energy storage (i.e., battery) and
hydrogen storage systems have then been calculated
based on the average power and range demands com-
bined with the efficiency of discharging and fuel cell
system efficiency, respectively (defined in Table 3).
These calculations result in total weights for the two
technology alternatives in the two earlier defined time
frames. Also, information is provided concerning the
type of operation and number of cold starts. Judgments
are also given about whether hybrid-electric and plug-
in2 hybrid-electric drivelines are feasible options for the
vehicle type. The duty cycles and range demand for
each vehicle are set to constants in the comparison. The
values that have been chosen aim to represent standard

Table 3. Overview of Data on Battery, Fuel Cell, and Hydrogen Storage Systems Used in the Calculations of System Weights

Current Systems (2005) Future Systems (2015)

Energy Power Energy Density, Power 
Efficiency, %a Density, kWh/kgb Density, kW/kgc Efficiency, %a kWh/kgd Density, kW/kge

Li-ion battery system 92 0.125 0.600 92 0.275 1.000
Fuel cell system 50 N/A 0.286 50 N/A 0.500
Hydrogen storage system N/A 1.67 (350 bar) N/A N/A 3.33 (700 bar) N/A

Note: N/A = not applicable
a. Estimated values based on typical values.
b. Values for batteries from Conte, Prosini, and Passerini (2004) and for hydrogen storage system calculated with the assumption of
5 mass-% hydrogen (i.e., 350 bar) in the storage system.
c. Values for batteries from Conte et al. (2004) and for fuel cell system estimation based on Ballard (2003) and typical values.
d. Values for batteries estimated and for hydrogen storage system calculated with the assumption of 10 mass-% hydrogen (i.e., 700 bar)
in the storage system.
e. Estimated values.
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or average vehicles based on current vehicle technology
and usage patterns. The assumptions have great influ-
ence on the final results and could in reality, of course,
vary depending on local conditions, and it is therefore
not probable that either battery electric or fuel cell elec-
tric vehicles will constitute the whole market in any
vehicle segment. The comparison should be regarded as
a rough guiding comparison, forming the basis for dis-
cussions about the potential and restrictions of electric
drivelines and hybrids in different vehicle applications
in general, and fuel cells and batteries in particular.

Conclusions Drawn From Comparison

The aim of this discussion has been to show the
potential and restrictions of different electric drive-
lines (i.e., battery or fuel cell) from a feasibility—not
only energy efficiency—perspective. The definition
of needed energy storage capacity and power levels
made in this study could very well serve as a basis for
further discussions and estimations on feasibility and
costs of different vehicle systems. The comparison
clearly shows that given the demand for zero emis-
sion, very low noise, and total energy source flexibil-
ity, as well as estimated vehicle demands and duty
cycles, both fuel cells and battery electric vehicles are
potentially attractive in various vehicle segments. All
new technologies benefit from operation in vehicle
fleets, that is, that the vehicles are centrally operated.
This is because technicians, drivers, and possibly also
refueling station staff may be specially trained to
handle the new technology in a safe and efficient
way. Furthermore, rapid-charging stations can more
easily be coordinated and maintained when operating
fleets, which is important in case of battery electric
vehicles or plug-in hybrid electric vehicles.

• Battery electric drivelines are feasible in vehi-
cles with rather low-range demand, low average
power, and few limitations in size and weight of
the energy storage system. The best battery
electric application is urban vehicles, and espe-
cially delivery vans and light distribution
trucks. Also, urban buses could be an applica-
tion if the range demand were to be reduced
compared to what is accepted today. In some
cases, passenger cars could also be an applica-
tion for battery electric vehicles. However, a
problem with passenger cars is that even though
a majority of the trips are short, that is, within
battery range, the ability to travel longer dis-
tances without charging is probably desired.

Another problem is the driving pattern, with
numerous cold starts, which implies that the
range of battery electric vehicles will be limited
in cold climates because much energy is used
for cabin heating (if no external power source is
available).

• Fuel cell drivelines are more feasible if operated
in a rural environment where the demanded
range is longer (or refueling time very short) and
the average power demand higher. Increasing
the number of cold starts has negative impact on
fuel cell performance and possibly also on the
durability of fuel cell systems—especially at the
current state of development.

• Hybridization is a feasible option for all the
studied vehicle configurations because all
vehicles operate in urban areas where the
driving patterns are of a stop-and-go nature.
The more stop and go, the bigger the advan-
tage of hybridization. Consequently, practi-
cally all urban vehicles, independent of power
source (fuel cell, internal combustion engine,
battery) would benefit from hybridization of
the driveline.

• Plug-in hybrids are in general feasible for vehi-
cles with short-trip-duty cycles, such as the pre-
viously mentioned majority of the trips with
passenger car. Also, vehicles with geographi-
cally defined driving patterns, on whose routes
fast charging stations may be implemented at
strategic points, could be a very feasible appli-
cation. This is if the extra complexity and weight
of having two high-power energy sources could
be afforded in comparison with alternative solu-
tions. Examples of such vehicles are urban
buses, delivery vans, and distribution trucks (if
operated on scheduled routes), and taxis.

• Urban buses are often considered as a feasible
first market for testing, demonstration, and
introduction of new, environmentally friendly
vehicle technologies and fuels. As can be seen,
a fuel cell, or more precisely a fuel cell (even
plug-in) hybrid propulsion system, is a feasi-
ble option from a weight or size point of view.
The high-speed and long-range demands make
battery electric transit buses unfeasible. Fuel
cell or fuel cell hybrid solutions are a more
feasible option in this application.

The issue, or need, of using more renewable elec-
tricity in the transport sector is obviously in favor for
both batteries and fuel cells compared to vehicles
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relying on hydrocarbon-based fuels, and so is also the
potential of reducing the cost of production—maybe
even to a level below that of internal combustion
engines—for both batteries and fuel cells. It is clear,
however, that battery electric vehicles are more
energy efficient than fuel cell vehicles from a well-to-
wheel perspective. Consequently, battery electric or
plug-in hybrids should be regarded as a first-choice
alternative when possible. A logical first step of
development is to develop and commercialize robust
and cost-effective hybrid electric drivelines, as the
existence of those are an absolute demand both for
batteries and fuel cells.

5. Intermittent Energy Example

Example Background

A simplified example was constructed to evaluate
the properties of an energy system based on intermit-
tent energy sources. The aim of the example is to eval-
uate which technical options, in terms of power
capacity and electric energy storage, are needed in
such a system.

As discussed in the introduction, to reach a truly
(ecological) sustainable energy system we need to use
renewable energy. The source of renewable energy is
the sun (which propels the ecological system, makes
biomass grow, and creates the winds that in turn 
produce the waves). Most of these renewable energy
sources with origin in the sun are intermittent. An
energy system based on renewables will therefore
most probably share this underlying intermittent
nature. The technologies used in this example are
wind power and photovoltaic cells, the technologies
most widely discussed today. However, these tech-
nologies should not be seen as the only options in the
long-term future. The renewable base and the inter-
mittent nature are the essential part of this example,
not the technologies.

The intermittent nature will lead to both losses and
shortage of power, because production and demand
do not always correlate in time and space. The aver-
age energy produced is predictable, but the instanta-
neous production is almost impossible to predict.3

This means that the problem of these energy sources
is as much a power capacity problem as an energy
capacity problem. Power regulation could, for
example, be handled by building extra power plants
to be used only when the power demand is high. This
will decrease the shortage of power but will not
diminish the losses. Another way of power regulation

can be to connect large grids with other grids. This
often diminishes both the losses and the shortage,
because the power demand is leveled. The power
demand can also be affected by public involvement or
varying energy prices.

The Effects of Intermittent
Energy Sources in Numbers

The Model

To calculate and put numbers on the production-
and-demand profile of an energy system based on
intermittent energy sources, we made a model of a
possible future energy system.

In the calculated example,

• two thirds (102 TWh/yr) of the electricity pro-
duction was assumed to come from intermittent
sources (photovoltaic and wind);

• the remaining one third (55 TWh/yr) is dis-
cussed separately in each case.

To keep it simple, thermal energy demand was not
included.

In this model, we used hourly aggregated total
demand values from the Swedish state utility (147
TWh/year; Svenska Kraftnät, 2004), irradiation at 3
sites in Sweden to calculate energy production from
photovoltaics, and wind speeds at 56 sites in Sweden
to calculate the power production from wind power
(Magnusson, Krieg, Nord, & Bergström, 2004).

Cases A and B

Without energy storage in the example, the losses
would amount to 6% (9 TWh) annually. If storage
with a capacity of taking care of excess power up to
4 GW, that is, 4 GW larger than the instant power
demand, were introduced, the losses would decrease
to about 2% (3.3 TWh) annually. To save that 4% (5.7
TWh) over 1 year, an energy storage capacity of 260
GWh would be needed in this example. One should
keep in mind that this is the largest continuous energy
demand from the storage during the year.

As can be seen from the comments in Table 5, the
maximum hourly fluctuation in demand in the current
system (2004) is 2.2 GW. An interesting observation
is that the power production fluctuation from using
50% (74 TWh) of wind power annually is of the same
magnitude (2.8 GW). Using photovoltaics adds to
these fluctuations, and the maximum hourly fluctua-
tion becomes 4 times larger than the ones of today.
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Case C

Sixteen GW (which in Sweden corresponds to the
hydropower capacity installed today, approximately
50% of the total power capacity installed in Sweden)
was included in the example as regulation power
without energy restraints. This regulation power
would take care of the bulk of the 43% (63 TWh)
demanded annually after we introduced our intermit-
tent sources. However, with photovoltaics, wind, and
this regulation power being used, there would still be
times with a significant (maximum 8.5 GW) shortage
of power, but the total energy shortage is now fairly
low, only 1.5% (2 TWh) annually. This means that
the system experiences short time periods of large
power shortages.

In Figure 3, one can see a more detailed picture of
the demand in December, which is the month with the
highest excess demand for the energy system consisting
of wind, photovoltaic, and 16 GW of regulation power.
Here, the maximum power shortage is 7.5 GW and the
largest energy shortage is 350 GWh (the area under the
largest continuous power demand curve in Figure 3),
corresponding to the longest time period with constant
power shortage (less production than demand).

Example Discussion

What do these numbers mean in the context of this
article? Up to 6% (9 TWh) of the produced electricity
in the example was lost if no storage was applied.
Which types of energy storage are then suitable to han-
dle such amounts of power and energy? Looking at
Tables 3 and 4 in the energy storage section, one can
see that of the available technologies today, pumped
hydro seems to be the most suitable technology, from
an energy perspective as well as from an efficiency
perspective. But pumped hydro is dependent on site
specifics and will not be suitable everywhere.

If zero-tailpipe-emission vehicles as discussed in
Section 4 were realized, they could prove to be a
large regulation tool in a future energy system.
Looking at Table 5, each vehicle is a potential large
energy and capacity storage. Sweden today has 4 mil-
lion cars (and 9 million people). If only 1% of all cars
are available (connected to the grid at any given
moment) and assumed to have the characteristics

Table 5. Data From Calculations Where Wind and Photovoltaic (PV) Supplies Two Thirds of the Total Electricity Demand

Energy, TWh/yr Power, GW Comment

Input
Total demanda 157 28 2.2 GW in maximum hourly variation
From photovoltaicsb 24 19.5 9.0 GW in maximum hourly variation
From wind powerb 78 28.5 2.8 GW in maximum hourly variation
Demand with PV and windc 63 24.5 5.6 GW in maximum hourly variation 

Output
A. Losses without storaged –9.0 –24.5 9 TWh or 8.6% of intermittent electricity
B. Losses with 4 GW storagee –3.3 –20.5 3% of produced intermittent electricity
C. Demand 16 GW regulationf 2.0 8.5 Small energy demand, high power demand

a. The Swedish total demand (142 TWh) of today plus 15 TWh, equal to the demand of an all-electric passenger car fleet, or of 50%
hydrogen passenger cars in the fleet. Maximum power demand in this system is 28 GW.
b. 102 TWh of intermittent electricity (26% from PV and 74% from wind power), resulting in 19.5 GW and 28 GW in peak produc-
tion, respectively.
c. The resulting total demand after wind and PV is 63 TWh; however, the power demand is at times still very high, 24.5 GW.
d. Without storage, 9 TWh is lost at times the power production is 24 GW larger than the demand.
e. With storage of 4 GW and a size of 260 GWh, it would be possible to save 5.7 TWh of electricity.
f. Even with regulation power of 16 GW, there are times when the shortage of power is 8.5 GW. However not for long time periods
(total demand 2 TWh).
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Figure 3. The Electricity Demand in December 2004 After
Photovoltaic, Wind, and 16 GW of Regulation Power Has
Been Used
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shown in Table 5, they would constitute an energy stor-
age of almost 40 GWh and power capacity reserve of
up to 4 GW; this is equal to 15% of the energy stor-
age needed and 100% of the power capacity needed
in Cases A and B.

Furthermore, if one of the systems appropriate for
households (fuel cells–electrolyzer systems, flow
batteries, advanced batteries) were utilized on a large
scale, they would constitute, assuming 1 million
households each with a 3 kW system and an energy
storage of 100 kWh, a power capacity of 3 GW and
an energy storage of 100 GWh. This is 75% and 37%,
respectively, of the power capacity and energy stor-
age assumed in Cases A and B.

Transmission and distribution will be important in
this system because the intermittent nature of the sys-
tem also acts locally, so that one area might lack
power at the same time another area is producing too
much. As seen in Section 3, HVDC and HVAC will
probably be used because we produce electricity in
this example, and losses in conversion to hydrogen
(see Figure 1) would be too large.

Energy in the example is lost at times when the
power demand is lower than the production from the
intermittent energy sources. This lost electricity will
most probably be inexpensive, because the production
at times exceeds the demand by a factor of 2 or more.
It is also probable that the electricity cost will be high
at times when the demand exceeds (also by a factor of
2 or more) the production. The fluctuations in the
example system are much larger than in the present
system, and a great deal of regulation would be needed
for such a system. However, these fluctuations will
give incentives for storage and regulation capacity, as
argued above. This could be helpful and beneficial for
the exploration of energy storage and power regulation
capacities from different sectors, thus incorporating all
synergy effects mentioned in this discussion.

This example should not be considered by its spe-
cific numbers but rather be seen as an indication of sys-
tem requirements for intermittent-based energy
systems. This was a rough example from Sweden with
site-specific data, but the intermittent nature and the
basic system requirements, such as energy storage and
power regulation needs, are likely to be similar to the
ones in this example despite location in the world. As
shown, intermittent-based energy systems have signifi-
cantly different demands than energy systems used
today based on fossil fuel sources. This basic intermit-
tent nature should be investigated further, differences
should be considered, and synergy effects implemented
when planning for a future sustainable energy system.

6. Conclusions

When planning for a sustainable energy system
including hydrogen as energy carrier, it is important
to be aware of the large losses implied by the pro-
duction, packaging, distribution, storage, and end use
of hydrogen. This article has intended to identify and
perform missing comparisons in the context of using
hydrogen and fuel cells in a future sustainable energy
system. Those missing comparisons were applied to
three sectors, namely, stationary electrical energy stor-
age, long-distance energy distribution, and hydrogen–
fuel cell vehicles compared to electric vehicles. These
are the conclusions:

• Fuel cell–electrolyzer systems with hydrogen
storage differ from other stationary electric
energy storages because of the possibility to
achieve high volumetric energy density. A con-
siderable disadvantage is, however, the low sys-
tem efficiency. For large stationary energy
storage, pumped hydro would be preferable
where the prerequisites are right. For midsize and
small energy systems, batteries are a better alter-
native because of their higher efficiency. Due to
large standby losses it is, however, not given that
they perform better for all applications.

• Hydrogen pipelines could be feasible in com-
parison with high voltage transmission if very
large amounts of power (>10 GW) have to be
transmitted over long distances (between
countries or continents). Hydrogen pipelines
could possibly also be large energy storages,
but that is still to be demonstrated before
hydrogen pipelines could be considered feasi-
ble in, for example, Sweden.

• Battery vehicles have higher tank-to-wheel
efficiency than hydrogen-fuel cell vehicles, but
other requirements on the vehicles have also to
be considered in the planning of the energy
supply of the transportation sector. Electric
vehicles are most applicable as delivery vans,
light distribution trucks, and as urban buses
under the given assumptions. Fuel cells and
hydrogen are primarily seen as viable in rural
environments where demanded driving range is
longer. However, other requirements on the
vehicles could lead to greater feasibility of
other options. Hybridization is beneficial for all
types of vehicles.

• In the future energy system, synergy effects of
planning the different sectors in parallel should
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be considered, because losses in one sector very
well could be utilized in another. For example,
heat losses in fuel production could be utilized
in district heating networks. Implementation of
battery electric or fuel cell cars and stationary
electric energy storage could serve as intermit-
tent energy storage and significantly increase
the incentives of switching to a renewables-
based energy system.

• Energy systems based on intermittent energy
sources have significantly different system
requirements than the present system and are
therefore in need of further, and slightly dif-
ferent, research efforts, for example on power
and energy regulation. In the example given
above, the shortage of power could correspond
to up to 80% of the instant demand, due to the
intermittent nature of the main supply.

This article discusses a few important key factors
when planning a sustainable energy future, including
hydrogen and fuel cells, showing the complexity. The
work presented here will be continued with work on
other aspects and key factors needed for planning a
future sustainable energy system.

Notes

1. Especially important when it comes to developing countries
because increased energy use has been shown not only to have a pos-
itive influence on economic growth but also on, for example, infant
mortality, illiteracy, life expectancy, and fertility rates. Industrial
countries have already used much of that potential, whereas devel-
oping countries lag. In the report World Energy Assessment (United
Nations Development Programme, 2000), it is stated that “dramatic
increases in living standards in developing countries can theoreti-
cally be achieved with small inputs of energy”(p. 46).

2. Plug-in hybrid is a hybrid vehicle with a considerable range
(approximately 50-100 km) in pure battery-electric driving mode.

3. Differentiate between power (W) and energy (Wh) when
speaking of intermittent sources.
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