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Abstract: A methodology for assessing the sustainability of hydrogen production using
solid fuels is introduced, in which three sustainability dimensions (ecological, sociological
and technological) are considered along with ten indicators for each dimension. Values for
each indicator are assigned on a 10-point scale based on a high of 1 and a low of 0,
depending on the characteristic of the criteria associated with each element or process,
utilizing data reported in the literature. An illustrative example is presented to compare two
solid fuels for hydrogen production: coal and biomass. The results suggest that qualitative
sustainability indicators can be reasonably defined based on evaluations of system
feasibility, and that adequate flexibility and comprehensiveness is provided through the use
of ten indicators for each of the dimensions for every process or element involved in
hydrogen production using solid fuels. Also, the assessment index values suggest that
biomasses have better sustainability than coals, and that it may be advantageous to use
coals in combination with biomass to increase their ecological and social sustainability.
The sustainability assessment methodology can be made increasingly quantitative, and is
likely extendable to other energy systems, but additional research and development is
needed to lead to a more fully developed approach.
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1. Introduction

Concerns regarding such factors as energy, economics and environmental impact have increased
interest in sustainable development, particularly the sustainability of energy systems. As a
consequence, governments at local, regional, national and intra-national levels have introduced
measures and sought agreements to enhance the sustainability of society’s energy activities.

Such initiatives are often based on non-rigorous assessments, and thus are sometimes challenged.
Structured methodologies for assessing energy sustainability are needed and would make it more
straightforward to justify sustainability measures and to obtain support for them.

The importance of energy systems sustainability can be seen by considering climate change [1].
Concerns about the ramifications of climate change have added momentum to the initiatives being
considered by governments and industries to switch to non-carbon-based energy sources. Some
propose for a hydrogen energy system in which hydrogen and electricity are the primary energy
carriers and facilitate the use of non-fossil-based energy resources [2-7]. Many feel that the shift to
alternative energy sources would also help to improve national economies by creating new industries
and employment opportunities, advance policies to facilitate new investments and business models and
create funds for development through large government stimulus packages [7-9]. Hydrogen energy
systems could also lead to an increase in the contribution of coal and biomass to local energy markets.
When using hydrogen produced from coal or biomass, CO, emissions can be addressed, making the
capture and storage of CO, more economic [2]. Considering these disparate advantages and
disadvantages separately in assessing sustainability is complex, highlighting the need for structured
and sound sustainability assessment methodologies.

This article focuses on the need to improve the sustainability of the energy system, and introduces
and illustrates a qualitative (and partially quantitative) methodology for evaluating the sustainability of
solid fuels in energy systems. The methodology is not fully developed, but rather is suggested as a
possible framework which is being developed. In the methodology, indicators are applied to each solid
fuel for a variety of factors. The methodology is intended to allow the assessment and comparison of
the sustainability of energy systems involving hydrogen production from solid fuels, as well as to
facilitate sustainability enhancements. The methodology is illustrated here by comparing two solid
fuels for hydrogen production: coal and biomass. The methodology can be made more quantitative
with sufficient data.

2. Background: Methodologies for Assessing Sustainability of Energy Systems

Measuring sustainability is a major issue as well as a driving force in determining the impact of
various indicators on energy systems [10]. Assessment methodologies usually consider at least three
dimensions of sustainability: ecological, sociological and technological. Numerous factors within each
dimension are often evaluated. An effective sustainability indicator has to meet characteristics
reflecting a problem and criteria to be considered [11]. Selection, grouping, judging, weighing and
normalizing of these indicators are somewhat subjective and dependent on the domain of a given
sustainability analysis [10,12,13].

Various investigations of sustainability have been undertaken, and methodologies and tools
for sustainability assessments have been reported [12-15]. An overview of sustainability
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assessment methodologies has been published recently [14], as has an attempt to categorize such
methodologies [13]. These methodologies are useful for comparing processes, systems or
organizations [12].

Methods for sustainable engineering, for energy and other systems, are becoming more
common [16]. On a broader scale, efforts have been made to predict national sustainability [15].

The convergence in sustainability assessments of energetic, economic and environmental factors
has been investigated [15], as have the linkages between energy efficiency, sustainability and
economic growth [17]. The importance of energy efficiency and thermodynamic analysis in efforts to
enhance sustainability has been emphasized [18,19].

The sustainability of energy systems has been investigated [20,21], addressing requirements to
understand energy services and policies [22]. In efforts to improve energy sustainability, the
importance has been addressed of efficiency and thermodynamics [8,12,23] and sustainability
indicators for renewable energy technologies [10]. Furthermore, the use of life cycle assessment as a
tool for evaluating the sustainability of energy technologies and fuels has been cited [24], and the use
of exergy as a tool for energy sustainability has been examined [18,19,25].

The potential of hydrogen energy systems to contribute to energy sustainability has been
assessed [11,26,27], as have strategies for sustainability using hydrogen energy [28].

3. Sustainability Assessment Methodology and Indicators
3.1. Sustainability Assessment Methodology

A qualitative methodology, which is partially quantitative, is introduced for evaluating the
sustainability of energy systems involving hydrogen production from solid fuels. The methodology can
be extended to become more quantitative if sufficient data are available. The methodology is not fully
developed, but provides a framework which can be refined.

In the method, indicators are applied for a variety of factors. The methodology is intended to allow
assessments, comparisons and improvements of the sustainability of energy systems for hydrogen
production from solid fuels, and for their components. The assessment methodology considers
ecological, sociological and technological dimensions of sustainability, and ten indicators within each
dimension. Each sustainability indicator assesses a sustainability criterion. The selection and grouping
of the criteria are based on information presented in the literature and reasoned judgment. The criteria
are taken to be equally weighted here, but this is simply a first-order simplification. More complex
weighting schemes for the different indicators can be introduced that allow sustainability to be
better assessed.

The methodology is developed by defining specific indicators whose values are assessed based on
relevant reports in the literature. The methodology may be extendable to sustainability assessments of
various other energy conversion systems, provided appropriate variables and indicators are specified
and assigned values.
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3.2. Sustainability Indicators

The indicators for each of the three dimensions of sustainability are chosen so that they are mostly
independent of the indicators in other dimensions, but related to them in the broader sense of the
hydrogen product.

The index values for each indicator are related to other indicators depending on their definitions,
and governed by energy, economy and environment considerations. The value of indices is chosen
based on relevant information in the literature. The index value ranges from 0 to 1 divided
into 10 steps. Although index values are chosen based on an examination of pertinent data and
information, the assignment is somewhat subjective. The expectations for a maximum value of 1 is
kept very high in this work, so only very few elements within the system are capable of receiving a
value of 1 for some of the indicators.

The term “element” in this work means a natural resource such as solid fuels, or any other unitary
item involved in the system being assessed. The term “process” means an activity which involves more
than one item in making a desired output.

The three dimensions of sustainability (ecological, sociological, technological) in the proposed
methodology are discussed in the next three sections, along with the indicators applied within
each dimension.

3.3. Linking of Sustainability Dimensions

Figure 1 shows the linking of the three dimensions of sustainability (ecology, sociology and
technology) with three principles of sustainability: economy, environment and effort by people to
prolong standards of life into the future (depicted as light grey area in Figure 1). Each indicator within
a given dimension (depicted as triangles in Figure 1) in the current work is valued based on the impact
of the indicator on the three principles of sustainability. The indicators in each of the three dimensions
are linked based on these three principles. Technology indicators are linked to ecological indicators
through the environment, implying that technological improvements should result in responsible use of
ecological resources, with as little damage to the environment as possible. Technology indicators are
linked to sociological indicators through the economy, implying that society benefits through
economic developments induced by technological advancements, especially in the current work which
focuses on solid fuel sources delivering energy services to society when and where they are in demand.
Ecology and sociology are linked through human effort in improving social living standards and
governance while caring for the ecology that supports it now and in the future.

The size of the grey area for “human effort” in Figure 1 is smaller compared to “economy” or
environment,” denoting the greater influence of the latter two on sustainability compared to human
effort. In order to improve sustainability in the future, human effort needs to increase, as the influence
from environment will likely grow, decreasing the influence of the economy. In the future, therefore,
greater effort by people (requiring more monetary infrastructure) to tackle decreases in resources and
environmental degradation may reduce the influence of the economy. For example, more eco-friendly
policies and mandates by governments exist across the world now than ever before [29], highlighting a
shift toward the environment instead of the economy. Hence, the values assigned to some of the
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sustainability indicators in this work may change in the future, causing a shift away from utilizing

some solid fuels.

Figure 1. Linkages among sustainability dimensions.

TECHNOLOGY

SUSTAINABILITY

4. Ecological Indicators

In this work, ecological indicators [10] help in assessing ecosystems and the impact on them of

human activity, which can be local, regional or national. The indicator values specify the ecological

sustainability of a particular element or process within a system. These indicators highlight the impact

of each element or process on changes to the environment.

1.

2.

3.

Availability: Sustainable availability of the element within the relevant energy
market [1-7,29,30]. The highest value of 1 is assigned for such elements or processes that are
available in the local market at competitive price and the lowest value of 0 is assigned for lack
of availability. For example, coals are abundant in Canada, the USA, Poland and other
countries [4], providing ample supplies for longer periods of time at low costs. The
sustainability index is higher for any commercially available process.

Adaptability: Requiring fewer processes to acquire and process the element, minimizing waste
generation [1,3,31-34]. A value of 1 is assigned if an element or process is highly adaptable
and 0 for the least adaptable item in a system. For example, ecological sustainability is higher
for solids handling processes than for gasification process, since the former is already an
established industry serving the coal power plants [1,35].

Environmental capacity: Length of time the global ecosystem can supply and support
the element or process, without creating significant imbalances within the global
ecosystem [4,6,35-39]. A value of 1 is assigned if an element or process can be sustained for a
long time even with an increase in demand for it in the market place. A value of 0 is assigned if
little of the resource is available in the local market and it impacts the ecosystem significantly.
For example, a process which is capable of recycling is assigned a higher index than a process
that has less probability for reusing some of its wastes or by-products.
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10.

Timeline: Newness or maturity of the element or process, weighted by its
evolution [5,29,40,41] within the market place. A value of 1 denotes that a well established
process that has greatly evolved since its creation, while a value of 0 denotes that the element is
“fossilized” and has little chance for further improvement. For example, commercial
gasification is a mature technology with less opportunity for major improvements or evolution.
Material rate: Rate at which the element/process or products for and from the element/process
can be procured [4,30,37,38,42-44], accounting for the effectiveness of raw material and
product distribution networks. A value of 1 is assigned to the best network and 0 for the worst.
For example, coals have higher material rate sustainability index (up to 0.9) than biomasses
(up to 0.5), due to the well established network of mining and distribution.

Energy rate: Rate at which energy can be supplied by the element or process [4,30,45,46]. A
value of 1 denotes a high energy supply rate and 0 a low energy supply rate. This indicator
measures the ecological energy density for an element or process, the amount of energy
available per unit volume of space per time period. For example, combustion processes have a
very high energy rate compared to other process due to higher rate of chemical reaction. Coals
have a high energy rate in that they can deliver more energy per unit mass and time than
biomasses. Although this indicator value implies that combustion is advantageous based on this
individual index—in terms of delivering a high energy rate, the value does not imply that
combustion is more sustainable overall, as the other indicators need to be evaluated and
combined to make that determination.

Pollution rate: Rate of pollution or emissions associated with the element or
process [1-4,24,37,47-50]. A value of 1 is assigned if there is a low pollution rate and a value
of 0 if there is high pollution rate. For coal combustion, for example, technologies for removal
of sulphur compounds (SO,, H,S, COS) are well evolved (suggesting that they help in reducing
the rate of pollution), so they merit a higher index value than CO, separation and storage,
which is not yet commercialized.

Location: Nearness of the element/process from the point of use [13,33,36,51]. A value of 1 is
assigned if the source is near to the point of use and 0 if it is far. The system can be placed near
to the main solid fuel source. If the other elements and processes are to be moved to the system
location, its operating and maintenance costs increase. Thus for coals and other mine-based
solid fuels, low values are assigned here.

Ecological balance: Element or process that creates an imbalance in the local ecosystem. This
measure also indicates the level of recyclability or reuse of the element or process [46,52,53].
A value of 1 is assigned if most of the element or process is recyclable or reusable and a value
of 0 is assigned if recycling is not achievable. For example, coal scores a 0 in this regard
whereas renewable biomass scores a higher value, which also depends on availability.
Endurance: Element work load or demand factor and a process requiring equipment
maintenance [1-4,46,52,53]. A value of 1 is assigned if the element or process has a high load
and demand with lower maintenance and a value of 0 is assigned when there is high
maintenance irrespective of high or low load. For elements such as fuels that require high
equipment maintenance, a lower index value is assigned for this sustainability indicator.



Sustainability 2010, 2 1478

5. Sociological Indicators

Sociological indicators help in assessing impacts on the social system and help guide system

changes [14]. The social system represents the communities that benefit directly and indirectly from

the operation and products of the system. Ten sociological indicators specify the sustainability of an

element or process within the social system and help avoid undesirable effects. Ten sociological

indicators, which are assigned values ranging from a high of 1 to a low of 0, are considered:

1.

Economics: Economic and financial benefits from the element or process
[5,12,13,23,29,31,33,45,54-57]. A value of 1 is assigned if maximum net economic benefit
derived from the final product (hydrogen) and a value of 0 is assigned when there is a net
economic loss from transforming solid fuels to hydrogen. For example, commercial
gasification provides more overall economic benefit due to its higher volume of hydrogen
production in less time, than solar thermal gasification.

Policy: Government policies and implementation trends [1,5,7,31,32,35,36,38,39] that affect
the availability of an element or development of a process. A value of 1 is assigned if the
policies and implementation strategies support the sustainability of an element or process and a
value of 0 is assigned if they act as hindrances. Values are chosen based on advancements in
technology in dealing with energy, environment and economics of processes and ecological
sustainability of solid fuels for hydrogen production. For example, a government initiative to
increase funding for biomass research helps in improving the sustainability of such hydrogen
production processes.

Human resources: Level of direct human work input in procuring, manufacturing, installing
and operating an element or process [5,44,46,50,52,53]. A value of 1 is assigned if more human
work is involved, owing to the job creation and resulting economic benefit for society. A value
of 0 is assigned if no direct human work is involved with an element or process. For example,
solids handling and waste disposal involve more human labour than gasification or combustion
(except during installation and maintenance).

Public opinion: Public opinion regarding the nature and operation/behaviour of an element or
process [15,18,22,44]. A value of 1 is assigned if the majority of the population have a positive
opinion relating to an element or process and a value of 0 is assigned if there is a negative
opinion. For example, CO, emissions from fossil fuels have been highlighted by the media and
government bodies as the main cause of climate change [6], so any element or process which
does not emit CO, or reduces its concentration in the atmosphere is assigned a higher value
since it generates positive public opinion. Public opinion often transforms into government
policies, which can lead to support for measures that curb harmful emissions.

Environmental obligation: Social expectations regarding the environmental obligation of an
element or a process and its by-products to be benign to the environment in which society
functions [6,29,33,37,47]. A value of 1 is assigned if the operation and by-products of the
element/process are environmentally benign and a value of 0 is assigned if a process or element
is necessary to the system’s operation but harmful to the environment. This indicator
encourages the elimination of process that requires additional measures to protect the
environment. For example, converting CO; to biodiesel using sunlight or nutrients from the
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6.

biogas by-product associated with using algae is environmentally benign in that it not only
consumes CO, but also provides an alternate fuel. So, converting CO, to algae is assigned a
higher social index value than other CO, sequestration methods like underground CO, storage
that require further processes.

Living standards: Impact of an element or process on human living standards, focusing on
basic requirements such as food, clothing and shelter [29,58]. A value of 1 is assigned if an
element or process within the system improves human living standards indirectly. A value of 0
is assigned if an element or process does not improve basic living standards. For example,
coals are assigned a higher index than biomass due to their higher energy densities, which
helps in producing more hydrogen; this in turn can provide additional goods and services
compared to biomass, thereby improving basic human living standards. Even with high energy
and economic penalties for pollution control measures, coal can still produce more hydrogen
than biomass [29].

Human convenience: Impact of an element or process on human convenience (higher living
standards and comforts beyond the necessity for basic living standards) [29,58]. A value of 1 is
assigned if an element or process within the system helps in providing human comforts and a
value of 0 is assigned if an element or process does not provide human comfort, through
additional hydrogen production. The index values for solid fuels are similar to those for the
previous indicator (#6). But for some processes, the index value may be lower, e.g., if more
fuel is used due to increased secondary and environmental protection in producing hydrogen.
Future development: Possibilities for future economic and social growth based on the nature
of an element or process [1-6,45,54-57]. A value of 1 is assigned if using the element or
process increases the possibility for societal development. A value of 0 is assigned if using the
element or process within the proposed system does not provide such opportunities, even in the
local community.

Per capita demand: Impact of population/customer demand on producing hydrogen with the
element or process, affecting its sustainably [6,29,58]. A value of 1 is assigned if fewer
industries use the element or process, thereby increasing market availability and, possibly,
price competitiveness. A value of 0 is assigned when the element or process is used by many
industries, which hinders availability and sustainability. For example, coals are mostly used for
power generation and in steel industries and, based on its per capita availability, are assigned
high values. But biomass per capita availability is small and is mostly used in co-combustion
processes or as manure, reducing the per capita demand sustainability index.

10. Lobbying: External influences on the impact of an element or process, through political and

economic lobbies that can affect government sustainability policies [29,32,37,38,41,43,59]. A
value of 1 is assigned if the process or element has effective lobbying and a value of 0 is
assigned if no lobbying is attempted. For example, the coal industry is established and is
engaged in many markets in political lobbying to maintain its use and to promote supportive
government policies [59]. In recent years, green energy programs have received extensive
lobbying due to their potential long-term contributions in mitigating climate change, processes
associated with green energy policies are assigned higher index values.
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6. Technological Indicators

Technological indicators help in assessing the knowledge, design, performance and production

aspects of an element or process for hydrogen production from solid fuels, from an engineering

perspective. The indicators assess the technical capabilities of each element in a system, and their

values specify the sustainability of the system and its components, considering energy affordability,

environmental limitations, commercialization possibilities and potential progress with respect to

hydrogen production.

1.

Net energy consumption: Energy requirement of the element to transport it to the point of use
and utilize it in the operation of processes [12,29,34,40,46,54,56,58,60-63]. A value of 1 is
assigned if the element or process requires little energy and a value of 0 if it requires much
energy. For example, processes that generate energy (e.g., electricity generation) have higher
index values than those that consume energy.

Exergy: Relative exergy of the element or process with respect to the system and the
environment [29,30]. A value of 1 is assigned for an element with high exergy or for a process
that has lower exergy destruction and a value of 0 is assigned for an element with low exergy
or for a process with high exergy destruction. For example, combustion has higher exergy
destruction than gasification, so combustion processes are assigned lower index values
for exergy.

. Efficiency: Efficiency (ratio of desired output to input, considering both energy and exergy) of

element or process and related technology in hydrogen production [46,52,53]. A value of 1 is
assigned for processes having high efficiencies (above 0.9) and a value of 0 is assigned for
processes with very low efficiencies (below 0.1). For example, commercial electrolysers have
energy efficiencies ranging typically from 0.5 to 0.7 [29].

Design: Impact of design of a process or an element on sustainable operation of the
system [7,28,31-33,63]. A value of 1 is assigned for the best design, taken to be a design that,
among other factors, improves the overall performance of the system and minimizes waste
generation. A value of 0 is assigned for the worst design. For example, a low index value (0.3)
is assigned for ultra superheated steam (USS) gasification since it is still in the research phase
but has significant future potential.

Research: Impact of research on future developments of a process or an element that affect the
ability of a system to produce hydrogen sustainably [7,28,29,31-33,35,63]. A value of 1 is
assigned for an element or process with high probability for successful research and a value
of 0 is assigned when there is a low probability for research advances. For example, the amount
of research for plasma gasification and CO,-to-algae conversion processes, due to technology
prospects and incentives, is sufficient to merit higher index values.

Demonstration: Capacity for demonstration of the impact of an element or a process in
contributing to hydrogen production in the system [3,29,54,64-68]. A value of 1 is assigned if
the process or element has already been demonstrated, while a value of 0 is assigned if there is
a need for demonstration to establish the capability of the technology. For example,
commercial gasification and solids handling processes have high index values, since they are
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7.

8.

9.

commercially established processes in terms of operation and performance, compared to the
ones undergoing research like CO,-to-algae conversion or USS gasification.
Commercialization: Potential for process or element technology to become commercially
viable, enabling sustainable operation within a system [1-5,23,29,34,35,40,69]. A value of 1 is
assigned for processes or elements with high potential for commercialization and a value of 0 is
assigned for processes with little commercialization potential. For example, USS gasification is
assigned a low value (0.4) since it has limited potential for commercial development due to size
constraints (i.e., large-scale operation has low efficiencies which increase operating costs).
Conventional gasification is assigned a high value (0.9) since it operates commercially on a
large-scale and is the fastest growing segment within the coal industry due to its ability to
produce synthetic gases [34].

Impact: Impact of actual process or element on sustainability of the system for producing
hydrogen [12,23,29,35,45,46,62,69,70-72]. A value of 1 is assigned to processes or elements
that have a high impact on the system’s performance and a value of 0 is assigned to those that
have low impact. For example, within the commercial gasification process, the air separation
unit (ASU) is assigned a higher value than the ash handling system because it is crucial to a
high-efficiency solid-to-gas conversion as well as effective downstream CO, capture. The ASU
therefore has a significant impact on improving the overall efficiency of the system for
producing hydrogen, whereas the ash handling system, although essential, does not impact the
system efficiency as much as the ASU.

Evolution: Capacity for process technology to improve, adapt and grow in the market
place [4,5,7,29,31,35,38,50,59]. A value of 1 is assigned to processes that have high
opportunities for evolving to increase efficiency and decrease operating and maintenance costs,
while a value of 0 is assigned to processes with little opportunity for such development. For
example, commercial gasification has little chance for evolution, whereas supercritical water
gasification is expected to evolve into an efficient process for large-scale hydrogen production
that is useful for effective disposal of sewage water [71].

10. Environmental limitations: Limitations of process technology arising from harmful impact on

the environment while operating within the system [6,32,33,36,47,66,73,74]. A value of 1 is
assigned to processes with few limitations in operation due to environmental damage, while a
value of 0 is assigned to the processes with high limitations in operation due to their
environment impacts. For example, devices that contribute to pollution control within the
system, such as the ash collector, syngas cleaner and membrane separator, have high index
values since they are subject to few environmental limitations and they contribute to
environmental preservation.

7. Advantages and Disadvantages of the Methodology

The main objective of this article is to develop an index to assess and compare systems. This

objective has been met in a preliminary manner in this article, but as noted earlier further effort to

refine the methodology is ongoing. At present, the indicators are defined using both objective and

subjective information, and a normalized range varying between zero and unity is applied. The results
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are therefore generally comparable, but some inconsistencies can occur in comparative assessments for
some factors. Efforts to reduce the subjective aspects of the methodology are ongoing by the authors,
although it is anticipated that it will not be possible to remove all subjectivity as some subjectivity
is inevitable.

Both qualitative and quantitative evaluation methods are incorporated within the methodology. The
quantitative methods are used for factors that are more clearly measurable (e.g., efficiency, greenhouse
gas emissions, costs), but these quantitative methods do not encompass all relevant sustainability
factors. The qualitative evaluations allow many factors that can not be accounted for straightforwardly
or readily with the quantitative evaluations to be addressed, thereby rendering the methodology more
comprehensive. Nevertheless, the qualitative factors can make the ranking method somewhat
subjective, due to the difficulty in measuring them. The number of qualitative indices in the overall
ranking system is thus kept as low as reasonably possible so as to avoid having the subjectivity of the
result become excessive.

One approach to assessing the degree of subjectivity introduced via qualitative indices is to perform
a sensitivity analysis over the range of possible values for most of the qualitative or subjective
indicators, and from that analysis identify ranges of “acceptable” values. Such an investigation is
highly complex, and is the subject of ongoing research by the authors. The outcomes of that research
may allow the subjectivity of the methodology introduced in this article to be reduced somewhat, but
there will nonetheless remain a substantial degree of subjectivity due to the non-measurable nature of
many factors.

Much effort was dedicated by the authors to developing for each of the three main sustainability
dimensions (ecological, sociological, technological) criteria that are comprehensive and consistent, yet
limited enough in number to be tractable. The authors made many trade-offs before deciding on ten
factors for each sustainability dimension. An equal number of sustainability criteria are considered in
each dimension to ensure that each receives prominence. The criteria are defined for the overall system
as well as its processes or components or elements in as consistent manner as possible. Nonetheless, it
is recognized that aspects of the measures may be inconsistent, although the impact of such
inconsistencies on the overall results appear to be small. Nonetheless efforts are ongoing to reduce
any inconsistencies.

One weakness in the present methodology is the fact that some of the criteria are related. For
instance, efficiency and design overlap to some degree, while research, commercialization and
evolution have some commonalities. Although it is difficult, if not impossible, to make all indicators
within one sustainability dimension completely independent, we feel that the essential aspects of most
of the criteria are independent, thereby allowing valid assessments to be made. However,
modifications to the criteria to increase the degree of independence may be possible. Sustainability
indicators should nonetheless always reflect the reality that the three sustainability dimensions are
interconnected, forming a web of information from which qualitative and quantitative assessments can
be made, for energy sources (as in the current work) or broader energy systems (as planned for
future works).
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8. Illustrative Example: Hydrogen Production from Coal and Biomass

The methodology introduced here is illustrated to assess and compare in a Canadian context two
solid fuels for hydrogen production: coal and biomass. Hydrogen is considered to be the most
advantageous alternative fuel for mitigating direct CO, emissions to the atmosphere [7] from
carbon-based solid fuels, while still providing the goods and services required by society. In most
countries, hydrogen is not presently used extensively as a fuel, although it is often utilized as a
feedstock for chemical and petrochemical processes in industry.

The production of hydrogen from solid fuels like coal and biomass are considered by some to be
advantageous. Hydrogen production from solid fuels involves the supply, processing and drying of the
fuels, primary energy conversion processes (e.g., gasification), and secondary processes like gas and
waste treatment. In this example, only the fuels, rather than the entire process, are assessed.

For coal types are considered here: anthracite, bituminous coal, sub-bituminous coal, and
lignite/brown coal. Also, three types of biomass are included in the assessment: forest biomass, farm
biomass and energy crops.

The sustainability indices are tabulated for the indicators in the three sustainability dimensions:
ecological (Table 1), sociological (Table 2) and technological (Table 3). The index values for each
solid fuel are averaged across the 10 indicators in each sustainability dimension. The averages are
evaluated as simple means. Averaging sustainability indices may not provide the exact impact on
sustainability of solid fuels, but it does provide a broad understanding of their sustainability. This
approach is not based on a rigorous rationale, but rather is a simplified first-order assessment. To
facilitate comparisons and illustrate the results, the average sustainability indices in each of the three
dimensions are plotted on a three-axis graph in Figure 2 for coals and Figure 3 for biomass.

Table 1. Sustainability indices for hydrogen production from solid fuels for ecological indicators.
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IAnthracite coal 0.5 0.1 02 | 0.1 07 | 0.8 | 0.1 0.2 0 0.5 | 0.32
Bituminous coal 0.8 0.1 02 | 0.1 07 | 0.7 | 0.1 0.3 0 0.8 | 0.38
Sub-bituminous coal 1 0.2 02 | 0.1 09 | 0.5 0.1 0.5 0 09 | 0.44
Lignite or brown coal 0.9 0.2 02 | 02 | 0.8 | 0.5 0.1 0.4 0 0.8 | 0.41
BIOMASSES 0.43 0.47 | 0.50 | 0.70 | 0.50 | 0.43 | 0.53 | 0.47 | 0.20 | 0.40 | 0.46
IForest biomass 0.5 0.5 0.5 0.6 0.5 04 0.5 04 0.1 0.3 | 043
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Table 2. Sustainability indices for hydrogen production from solid fuels for sociological indicators.

SOCIOLOGICAL INDICATORS

1 2 3 4 5 6 7 8 9 10 |Total
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Sub-bituminous coal 06 | 0.5 0.7 | 0.1 0.1 07 | 0.7 | 05 0.8 | 0.8 |0.55
Lignite or brown coal 06 | 0.5 0.7 | 0.1 0.1 07 | 07 | 05 0.8 | 0.8 | 0.55
BIOMASSES 0.53 | 0.73 | 0.63 | 0.70 | 0.70 | 0.33 | 0.40 | 0.77 | 0.33 | 0.63 | 0.58
Forest biomass 07 | 08 | 06 | 0.8 | 07 | 03 0.3 0.8 04 | 0.6 | 0.60
Farm biomass 08 | 08 | 06 | 08 | 0.7 | 04 | 04 | 0.8 04 | 0.6 | 0.63
Energy crops 0.1 06 | 0.7 | 05 07 | 0.3 0.5 07 | 02 | 0.7 | 0.50

Table 3. Sustainability indices for hydrogen production from solid fuels for technological indicators.

TECHNOLOGICAL INDICATORS
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Figure 2. Sustainability indices (%) for coals used for hydrogen production.
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Figure 3. Sustainability indices (%) for biomass types for hydrogen production.
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8.1. Sustainability of Coals

Since coals are already an established fuel for the electricity market, its sustainability is above
average. Of the total coal supply in Canada, 77% is used for electricity generation [4] in over 60 coal
combustion power plants [1] totaling over 17 GW of electricity generation capacity. Of this
capacity, 44% 1is located in from Ontario, 34% in Alberta, 10% in Saskatchewan, 7% in Nova
Scotia, 3% in New Brunswick, and 1% in Manitoba, based on data for the year 2004. About 8% of the
coal supply is used by industries for coking and gas manufacture. Despite large Canadian coal
reserves [37], potential applications for coal are limited to electricity generation and some industrial
use [44], because natural gas and crude oil resources have higher market values.

It is evident in Figure 2 that all coals have less than average values for ecological sustainability,
with anthracite at about 31%. This is largely due to the lower environmental capacity exhibited by
coals and potential ecological imbalances from their use. Ecological sustainability takes into account
the range of dimensions discussed in Section 4 (e.g., environmental capacity, pollution rate, ecological
balance). All coals have the same values for technological and sociological dimensions. Some specific
observations for the different sustainability dimensions follow:

e Ecological: Coals score high (about 70%) in availability, material rate and endurance and low
(less than 20%) in adaptability, pollution rate and ecological balance.

e Sociological: Coals are assigned high scores for per capita demand and lobbying and low
scores for public opinion and environmental obligation.

e Technological: Coals score high on exergy and technology impact, and are assigned for all
indicators reasonably high index values (above 50%). This result demonstrates the
characteristics of industries associated with coals: power generation, steel and petrochemical.

8.2. Sustainability of Biomass

Biomass is used in co-firing and co-gasification applications in Canada. Few units converting
biomass to electricity are in operation in Canada, with less than 50 MW of electrical generating
capacity per unit [45,54]. These plants produce little (below 5%) of the electricity used in the province
of Ontario, partly due to a lack of higher conversion potential with biomass fuel for most applied
energy technologies.

Figure 3 shows the averaged sustainability triangle for the biomass types considered. Biomass from
farms is assigned a higher index value (10% higher) than biomass from forests, due to a higher average
score in the technological dimension. This result is mainly due to the nature of the feedstock, which is
drier and bulkier than forest biomass, thereby enabling higher values for evolution, commercial and net
energy consumption indicators. The overall sustainability score of biomasses can be expected to
increase once a market and demand are established. Some specific observations for the different
sustainability dimensions follow:
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e Ecological: Farm biomass and energy crops have the same average index values.

e Sociological: Biomasses have high values (over 70%) for economics, public opinion
and lobbying.

e Technological: Most biomasses are similar and are assigned the high values. This is due to the
above-average values scored by biomasses and energy crops. Energy crops are assigned the
highest value (90%) for environmental limitations in the use of technology relating to
its processing.

9. Conclusions

A possible methodology has been introduced for assessing the sustainability of hydrogen
production using solid fuels. In the sustainability assessment, three dimensions (ecological,
sociological and technological) and 10 indicators for each dimension are considered. Values for each
of the indicators are evaluated using a 10-point scale based on a high of 1 and a low of 0, depending on
the characteristic of the criteria associated with each element or process, utilizing data reported in the
literature. Several conclusions can be drawn from the current work. First, qualitative sustainability
indicators can be reasonably defined based on evaluations of system feasibility, and adequate
flexibility and comprehensiveness is provided through the use of 10 indicators for each of three
dimensions (ecology, sociology, technology) for every process or element involved in hydrogen
production using solid fuels. Second, the assessment values of indices for solid fuels suggest that
biomasses have better sustainability than coals, and that it may be advantageous to use coals in
combination with biomass to increase their ecological and social sustainability. The methodology for
assessing the sustainability can be made increasingly quantitative, and is likely extendable to other
energy systems. Since the methodology is proposed as a possible framework, additional research and
development is needed to attain a more fully developed approach, and this is the subject of ongoing
work by the authors. A discussion of the advantages and disadvantages of the methodology is provided
to identify and guide important further developments. An application of this methodology to a
large-scale hydrogen production system to assess its sustainability is underway, and will assist in the
further development of the methodology.
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