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Abstract

Life-cycle analysis is defined and the various impacts from energy systems to be included in such
analysis are discussed. A preliminary version of a scenario for a future Danish energy system based upon a
bottom-up energy demand scenario and renewable energy sources. LCAs of wind turbine and Si solar roof-
top modules are presented. The various impacts from Danish wind and building-integrated solar power
generation are discussed and compared with the impacts from coal-fired power generation. The former
electricity generating system looks more favorable.

1. INTRODUCTION

The work reported in the present communication is based on several years of consultancy to
the OECD regarding the methodology of life-cycle analysis, followed by implementation studies
performed for the Danish Department of Energy and as a contractor for the Fuel Cycle Externality
Project of the European Community Joule II Programme. The work also underlies the author's
work as a member of the IPCC (Intergovernmental Panel on Climate Change) working group II
and consultant to working group III.

2. DEFINING LIFE-CYCLE ANALYSIS

Life-cycle analysis (LCA) is a method, by which it is possible in principle to assess all
direct and indirect impacts of a technology, whether a product, a system or an entire sector of
society. LCA incorporates impacts over time, including impacts deriving from materials or
facilities used to manufacture tools and equipment for the process under study, and it includes
final disposal of equipment and materials, whether involving reuse, recycling or waste disposal.
Whereas product LCA is used by manufacturers and regulators to select the optimal one among
different products serving the same purpose, energy system and energy policy LCA may be used
to handle greenhouse emission issues in a way consistently embedding the global warming issue
within other environmental and social issues. In case not just individual energy systems, but
national and regional energy policies have to be assessed, the LCA must be based on an assumed
transition to a scenario for future energy supply, transmission, conversion and use.

These remarks define the issue of the present paper, linking issues of global development,
scenarios for future energy use, and finally political assessment with the assistance of LCA as a
tool.

3. IDENTIFICATION OF LIFE-CYCLE IMPACTS

The impacts that one would like to include in an LCA are likely to depend on time and
place of assessment. However, in broad terms, they may be grouped into the following
categories [1]:

Economic impacts such as impacts on owners economy and on national economy, including
questions of foreign payments balance and employment distribution.

Economy is basically a way of allocating scarce resources. Applying economic assessment to
an energy system, the different payment times of different expenses have to be taken into
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account, e.g. by discounting individual costs to present values. This again gives rise to
different economic evaluations for an individual, an enterprise, a nation, and some
imaginary global stake holder. One possible way of dealing with these issues is to apply
different sets of interest rates for the above types of actors, and in some cases even a
different interest rate for short-term costs and for long-term, inter-generational costs, for the
same actor. Precursors to these kinds of economic evaluation are the separate private
economy (sometimes referred to as direct economy) and national economy accounts often
made in the past. The national economy evaluation includes such factors as import fraction
(balance of foreign payments), employment impact (i.e. distribution between labor and
non-labor costs), and more subtle components such as regional economic impacts.

Environmental impacts, e.g. land use, noise, visual impact, local pollution of soil, water,
air and biota, regional and global pollution and other impacts on the Earth-atmosphere
system, such as climatic change.Environmental impacts include a very wide range of
impacts on the natural environment, including both atmosphere, hydrosphere, lithosphere
and biosphere, but usually with the human society left out (but to be included under the
heading social impacts below). Impacts may be classified as local, regional and global. At
the resource extraction stage, in addition to the impacts associated with extraction, there is
the impact of resource depletion. In many evaluations, the resource efficiency issue of
energy use in resource extraction is treated in conjunction with energy use further along the
energy conversion chain, including energy used to manufacture and operate production
equipment. The resulting figure is often expressed as an energy pay-back time, which is
reasonable because the sole purpose of the system is to produce energy, and thus it would
be unacceptable if energy inputs exceeded outputs. In practice, the level of energy input
over output that is acceptable depends on the overall cost, and should be adequately
represented by the other impacts, which presumably would become large compared with the
benefits, if energy inputs approached outputs. A low extraction efficiency can well be
accepted, if the resource is free or nearly free (e.g. solar radiation). In other words, energy
pay-back time is a secondary indicator, which should not itself be included in the
assessment, when the primary indicators of positive and negative impacts are sufficiently
well estimated. Also issues of the quality of the environment, as seen from a anthropogenic
point of view, should be included here. They include noise, smell and visual impacts
associated with the cycles in the energy activity. Other concerns include the preservation of
natural flora and fauna.

Social impacts, related to satisfaction of needs, impacts on health and work environment,
risks, impact of large accidents, institutions required. Social impacts include the impacts
from using the energy provided, which means the positive impacts derived from services
and products arising from the energy use (usually with other inputs as well), and some
negative impacts associated with the energy end-use conversion. Furthermore, social impacts
derive from each step in the energy production, conversion and transmission chain.
Examples are occupational health issues, work environment, job satisfaction, and risk,
including the risk of large accidents. Another area of potential social impacts are in the
institutional setup of the systems providing energy of a certain kind: types of organizations,
financing schemes, and so on. Some of these issues connect to those mentioned below under
the heading "political impacts".

Security impacts, including both supply security and also safety against misuse, terror
actions, etc. Security can be understood in different ways. One is supply security, and
another the security of energy installations and materials, against theft, sabotage and hostage
situations. Both are relevant in a life-cycle analysis of an energy system. Supply security is
a very important issues for those energy systems depending on fuels unevenly spread over
the planet. Indeed, some of the most threatening crises in energy supply have been related to
supply security (1973/74 oil supply withdrawal, 1991 Golf War).
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Resilience, i.e. sensitivity to system failures, planning uncertainties and future changes in
criteria for impact assessment. Resilience is also a concept with two interpretations: One is
the technical resilience, including fault resistance and parallelism, e.g. in providing more
than one transmission route between important energy supply and use locations. Another is a
more broadly defined resilience against planning errors (e.g. resulting from a misjudgment
of resources, fuel price developments, or future demand development). A more tricky,
self-referencing issue is resilience against errors in impact assessment, assuming that the
impact assessment is used to make energy policy choices. Many of the resilience issues are
connected to certain features of the system choice and layout, including modularity, unit
size, and transmission strategy. The possible use of an impact awareness escalation rate has
been suggested by Rabl [2].

Development impacts (e.g. consistency of a product or a technology with the goals of a
given society). Energy systems may exert an influence on the direction of development a
society will take, or rather may be compatible with one development goal and not with
another goal. These could be goals of decentralization, goals of concentration on knowledge
business rather than heavy industry, etc. For so-called developing countries, clear goals
usually include satisfying basic needs, furthering education, and raising standards. Goals of
industrialized nations are often more difficult to identify. Often emphasis on agriculture,
industry and export are ingredients in the strategies of developing countries. The positive or
negative impact of a given energy system on these goals constitute development or political
impacts.

Political impacts include e.g. impacts of control requirements, and on openness to
decentralization in both physical and decision-making terms. There is a geo-political
dimension to the above issues: Development or political goals calling for import of fuels for
energy may imply increased competition for scarce resources, an impact which may be
evaluated in terms of increasing cost expectations, or in terms of increasing political unrest
(more "energy wars"). The political issue also has a local component, pertaining to the
freedom or lack of freedom of local societies to choose their own solutions, possibly
different from the one selected by the neighboring local areas.

It is clear that a list of the kind given above is open-ended, and that some impacts will never
become quantifiable. This raises new problems of how to present and use an LCA, which would
typically produce a list of impact estimations, some of which quantified and some not, and with
the quantifiable impacts often given in quite different units (e.g. tons of sulphur dioxide, number
of work accidents, capital cost of equipment).

On the other hand, weighing of incommensurable impacts is precisely what the political
decision-making process is about. If the LCA impacts of each system could be expressed as a
single number, one might as well let the computer choose the solution with the smallest negative
impacts. But because the impacts are of different kinds, our value systems and preferences, as
well as some democratic playing rules are needed, in order to reach an agreement on the choice of
system. This raises new problems of how to present and use an LCA, which would typically
produce a list of impact estimations, some of which quantified and some not, and with the
quantifiable impacts often given in quite different units (e.g. tons of sulphur dioxide, number of
work accidents, capital cost of equipment).

One philosophy is to try to convert all impacts into monetary values, i.e. replace the sulphur
dioxide amounts with either the cost of reducing the emissions to some low threshold value
(avoidance cost) or alternatively an estimated cost of the impacts: hospitalization and workday
salaries lost, replanting cost of dead forests, restoration of historic buildings damaged by acid
rain. Accidental death would be replaced by the insurance cost of a human life, and so on
(damage costs). Unavailability of numbers has led to the alternative philosophy of interviewing
cross sections of affected population on the amount of money they would be willing to pay to
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avoid a specific impact or to monitor their actual investments (revealed preferences, willingness to
pay). Such a measure may change from day to day, depending on exposure to random bits of
information (whether true or false).

All of these methods are deficient, the first by not including a (political) weighing of
different issues (e.g. weighing immediate impacts against impacts occurring in the future), the
second by doing so on a wrong basis (influenced by peoples knowledge of the issues, by their
accessible assets, etc.). The best alternative may be to present the entire impact profile to
decision-makers, in the original units and with a time-sequence indicating when each impact is
believed to occur, and then to invite a true political debate on the proper weighing of the different
issues.

The difficulties encountered in using LCA in the political decision-making process have
been partly offset by the advantages of bringing the many impacts often disregarded (as
"externalities", meaning issues not included in the economic analysis) into the debate. It may be
fair to say that LCA will hardly ever become a routine method of computerized assessment, but
that it may continue to serve a useful purpose by focussing and sharpening the debate involved in
any decision-making process, and hopefully help increase the quality of the basis information,
upon which a final decision is taken, whether on starting to manufacture a given new product, or
to arrange a sector of society (such as the energy sector) in one or another way. Examples of
actual energy system LCA's are given towards the end of the paper.

4. THE CURRENT DEVELOPMENT SCENE

The recent collapse of a number of conservative communist regimes with a sterile top-down
control structure and inherent conservatism has led to a reassessment of development models, both
in currently industrializing countries and in economies yet to choose their path of development.

There has been a surge of efforts to reinstate and spread a variety of liberalism based upon
nineteenth century crude versions of market controlled economies with minimal roles accorded to
governments. This situation makes it very important for leaders responsible for national
development strategies to keep their heads cold and take a more comprehensive view of the issues.
An alternative development model used to be suggested by the Scandinavian countries. Central in
the Scandinavian way of thinking was a necessity for looking at things with global eyes, and an
ability to feel uncomfortable when confronted with a strongly unequitable distribution of assets
and opportunities. However, the set of values promoted by particularly the United States of
America have recently set themselves through in many other parts of the world, including
Scandinavia. The advocates are often economists basing their advice to decision-makers on a
partial model of society, and yet pretending that the prevailing economic theory is a universally
valid science. In reality it hardly deserves to be called a science, but rather constitutes a
codification of some particular views regarding social power structures, according e.g. to Blatt [3]
and Eichner[4].

In order to develop more comprehensive alternatives to the atavistic economic descriptions
of current development options, it is an urgent priority to look for consistent alternative social and
economic models, which on one hand avoid inviting to the power concentration and the
curtailment of development initiatives that accompanied the transition from socialism to
communism, and on the other hand offer a clear break with the primitive liberalism dominating at
present.

5. THE THIRD WAY

The basis for an alternative way of shaping national policies may involve a technique known
as the scenario method. It basically consists in selecting a few of the possible futures, chosen on
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the basis of having spurred an interest in the population and by reflecting different values held in a
particular society.

As the next step, these futures have to be modelled, with emphasis on the issues deemed
particular important: better social conditions, less polluting energy systems, environmentally
sustainable processes, societies offering human relationships within a preferred frame, and so on.
During this process one must keep in mind, that models are simplified and necessarily inaccurate
renditions of reality, and have to be treated accordingly. Models are essentially frameworks for
discussion.

One would next have to discuss the consistency of the elements in the models, e.g. as
regards sustainability, resource availability, and consistency between different aspects of the
scenario. And finally discuss possible paths from the present situation to the scenario future. This
would be done for each scenario proposed, as part of an assessment which involves the full
apparatus of political debates and decision-making processes.

Central questions to address are who should propose the scenarios and who should stage the
debate and decision process. There are clearly many possibilities for manipulation and unfair
representation of certain views. Whether a democratic process can be established depends on the
level of education and understanding of the decision process, by the citizens of a given society, as
well as on the tools used for debate, including questions such as fairness of and access to media.
Many developed countries have a tradition for broad social debates, but even in such countries,
there are also clear efforts by interest groups or sitting governments to take over the
communication means and distorting the process in favor of their own preferred solutions. These
institutional questions have to be part of any realistic proposal for a new way of approaching
development issues (Fig. 1).

PLANNING

Critical scientists,
Community groups
Interest groups, ...
Concerned

citizens

Government departments
Mandated experts

Private and
semi-public

organizations

Parliament and politicians

Fig. 1. The actor triangle, a model of democratic planning, decision-making and continued
assessment [18].
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6. AN EXAMPLE OF SCENARIO TECHNIQUE APPLIED TO ENERGY PLANNING

In order to illustrate the issues involved, scenarios of energy demand are first presented
from a global perspective, and then exemplified for Denmark in order to present an already
worked out energy system construction amenable to assessment by life-cycle analysis.

6.1. Demand models

The bottom-up approach for determining energy demand [5], [19], [20] is based on a model
in which all basic needs are to be covered (food, shelter, human interaction), and furthermore a
broad selection of secondary needs, that may be selected differently by different societies and by
different individuals (activities, relations, possessions). The needs are then analyzed in terms of
energy inputs, recognizing that in many cases, the same products and services can be produced in
different ways, characterized by highly different inputs of materials and energy (Fig. 2).

EXTRACTION /COLLECTION
1

REFINEMENT/TREATMENT
i

CONVERSION
I

TRANSMISSION /DISTRIBUTION
END-USE CONVERSION

(secondary or
produced energy)

(quartarnary or
final energy)

ENERGY SERVICE

GOAL-SATISFYING
PRODUCT OR
ACTIVITY

Fig. 2. Energy conversion chain [19].

The outcome of this analysis is, that over a broad range of secondary need's selections,
geographical locations (important for heating and cooling needs) and settlement types (from dense
cities to dispersed living), the required average flow of energy inputs are in the range of a half to
two kW per capita, except for extremely cold climates. This assumes using the best technology
known at present. Fifty or a hundred years ago, the numbers would have been higher (if the same
needs could have been delivered), and in the future, new technological breakthroughs may make
the numbers lower. Particularly as regards the low-temperature heat use, a wealth of options are
available, including heat pumps and heat cascading.

Fig. 3 gives an overview of energy flows, divided on energy qualities and broad classes of
activities. Note that the bottom-up approach implies, that the desired human activities constitute
the driving force, and that production of goods and services becomes a derived quantity, the size
of which depends entirely on the specification of needs. The societies are not assumed to produce
goods blindly, in the hope that a demand can be created, once the goods are brought to the
market. Again this is a Scandinavian way of looking at the production process, very different
from the primitive market picture prevailing in e.g. Anglo-Saxon countries. However, different
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Fig. 3. Scenario for the rate of end-use energy needed for satisfying goals in different societies at
different geographical locations (W/cap) [6], [19], [20],

societies may place emphasis on different types of production (basic materials, consumer goods,
agricultural products, knowledge-based services, and so on). This is what gives rise to the wide
ranges of possible energy use in the activity sectors.

Figure 4 gives a specific example of the demand matrix of Fig. 3, to be used for the energy
supply model considered in the following chapter and pertaining to a scenario for Denmark
attempting to catch some important traits of Danish preferences [6].

Among the energy demand models that could be considered, there would generally be
growth and saturation models. By this is understood growth and saturation in services and
production, which again may or may not lead to growth in energy demand, depending on the cost
of energy systems as compared with other factors in the economy. Historically, short periods of
growth have been followed by long periods of saturation on various levels, both for production
and energy use [7].

Present arguments for or against growth both refer to third world development: One side
claims that economic growth will make the cake to share larger and everybody happier, while the
other side says that growth will create stronger competition for scarce resources, and that will hurt
the regions trying to develop. The actual development trends over the latest decades in some areas
support the second view, and it is not difficult to argue in general terms, that global claims on the
resource base do not seem to promote equity, but certainly helps in creating hostility and cause
warfare (problem of fundamentalist movements, oil wars).

It is important to stress, that one can have growth in the economic sense without the
associated growth in resource usage: If the main growth is in intellectual activities and services,
the physical growth can be zero or negative, while the economy may continue to flourish,
remembering that economic indicators such as GNP only measure the level of activity. The
scenario depicted in Figs. 3 and 4 assumes a future society with increased emphasis on
environmental sustainability, low and efficient resource usage and growth in those activities
expected in an information-society [8].
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Fig. 4. Scenario for the rate of Danish energy use at the end-user in year 2030 (W/cap) [6].

6.2. Bottom-up construction of energy systems

Once the energy demand structure is given, the modeler's task is to construct a supply,
conversion and delivery system capable of satisfying the demand at the end-users. The selection of
the system depends on the technologies available, but also in some cases on preferences between
different system layouts, of which one is not clearly superior to all the other ones. Typically, the
life-cycle impacts of different types of system are so different, that some groups in the society
have clear preferences for one solution and feel that they would not like to live with some of the
other solutions, while other groups in the society may feel just the opposite way.

In such cases, one could possibly give high priority to options involving a decentralization,
that would allow different subgroups in a society to select different solutions, rather than going for
centralized solutions bound to make some fraction of society unhappy. That this is possible hinges
on the recent development of decentralized solutions without cost penalties, i.e. that technology
has entered a stage, where the economy of scale is less important than it was some decades ago.

The technique for constructing the energy system may consist in tracing the system back
from the end-user, but as it will become clear, this is not always possible, and some tracking back
and forth between supply end demand may be required. At each end-user, one may first consider
the options for local energy production, such as solar heat, solar cells, building-size fuel cells, and
so on. When intermittent production is included, the question of load-matching and energy storage
has to be considered. Some such storage may be located at the end-user. Current examples are
batteries for portable equipment and heat stores for solar thermal collection systems. In a wider
perspective, also load-management has to be considered, such as deference of non-urgent tasks,
within time-limits accepted by the user and possibly reflected in her/his cost of energy.
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On the supply side, there might be installations characterized by a large fraction of the cost
tied up in equipment (e.g. wind turbines, photovoltaic panels), but for which the operating cost is
very small. Such equipment should have priority, once it is part of the system, and if the energy
generation is also intermittent, these installations have to be dispatched before others that may be
regulated. This means, that such priority equipment has to be considered up front, also in cases
where it is not located near the user, and thus transmission and any further conversion to other
energy forms should be determined at this stage. There may also be options for central storage in
the system, that can take care of surplus production from priority sources. If not, any overflow
must be exported or will be lost.

In principle, the modeler works backwards from the end-user over transmission and
conversion equipment to the primary energy source inputs, but with the above-mentioned priority
sources as bound options. In some systems, the delivery paths in place (gas, electricity and heat
transmission lines) determine which energy flows can be directed at particular groups of
end-users, but in many cases, there would be more than one option for generating the various
energy forms then demanded. This defines the dispatch problem, where a routine must be found
for selecting the succession of generating equipment and feeding energy sources, that will be
employed at any given moment.

This selection may be based on a ranking of the sources (e.g. in terms of generating costs),
but often there is more than one solution satisfying any simple criteria. This is certainly the case,
if the system comprises storage and import/export options in various places between supply and
demand. One of the criteria to consider is security of supply, meaning that one minimizes the risk
that e.g. stores are empty when they are unconditionally needed (especially relevant for systems
with a high fraction of intermittent sources).

It is important to distinguish between systems modelling aiming at proposing an optimal
system layout, i.e. which components to build, and modelling aimed at utilizing a given system
optimally, by selecting the best dispatch pattern. These two aspects may be combined in a
dynamic simulation of the system, where one tries to identify the signals, that should lead to
decisions to add components to the system (or phase out components), with given lead times
between decision and operability of the new components.

Figures 5 and 6 give an overview of a preliminary version of a scenario for a future Danish
energy system based upon renewable energy sources and the demand scenario of Fig. 4 [9]. It
assumes a wind contribution based on a number of 2 MW turbines similar to the present number
of smaller machines, and that roughly a quarter of all buildings have solar thermal or photovoltaic
collectors. The contribution from biomass include gas and liquid fuels, and is based on the already
started transition in the Danish agricultural sector, where a smaller area will be used only for food
production, yielding however the same export of refined products but a balance considered more
healthy between animal and vegetable products for indigenous consumption. The biomass for
energy purposes are partly derived from better utilization of current "waste", partly from
dedicated energy crops. However, the total cultivated area is not expanded from its present value.

Figure 5 details the flows in the agricultural sector, while Figure 6 treats the rest of the
system leading to the end-users. The scenario is preliminary, as the dynamical simulation of the
supply-demand matching has not yet been performed, but only the overall balancing of flows.
However, it gives an example of a system taking advantage of the current transmission network
for electricity, gas and heat, and at the same time removing fossil fuel inputs and their greenhouse
emissions over a 30 year period, with minimum requirement for long-term energy storage
(although the system does comprise heat stores, gas stores in aquifers and salt domes, and a little
electricity storage capacity in batteries and compressed gas stores).
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Fig. 6. Scenario for a renewable energy based system for Denmark anno 2030 [6](units: PJ/y).
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It is assumed that the interconnection with the European power grid will take care of any
further mismatch between electricity production and local demand. This involves some imports
and exports, judged to be beneficial to both partners in the exchange. For example, the exchange
with countries such as Norway possessing large seasonal hydro stores allows for taking care of
day-to-day mismatch, while adding to the resilience of the Norwegian system towards coping with
particular dry years, a function which today is taken care of by the Danish fossil fuel power
stations [10].

In the transportation sector, the scenario for year 2030 assumes, that only electric vehicles
are allowed in cities, and that long-distance transport of goods and people will be based on
biofuels.

7. IMPLEMENTATION OF LIFE-CYCLE ANALYSIS FOR RENEWABLE ENRGY
SYSTEMS

The examples of LCA assessment given below is for selected energy technologies, such as
wind and photovoltaics, characterized by near absence of climatic effects (depending on where the
materials used and energy inputs to manufacturing comes from). For comparison, an assessment
of coal-based power is added, with its strong climatic impacts. One purpose of LCA is of course
to provide a full impact overview, such that the higher direct cost of many renewable energy
solutions may be weighed against the lower indirect impacts. An LCA assessment of a complete
future scenario of energy supply, such as the one given in the previous section for Denmark, is
underway but will not be reported here.

Now a few practical remarks. In a practical implementation of LCA, each impact is initially
presented in units relevant for the category in question. In presenting the impact profiles derived
in this way to decision-makers, a scale of -1 to 1 may be used, because the weighing of
incommensurable impacts will anyway involve the decision-maker's choice of weight factors. It
may seem, that the accuracy of this approach is lower than if physical units (such as death per
kWh or kilos of SO2 per kWh) had been used. However, this is not necessarily the case, since the
precision with which the physical data can be given is quite consistent with a fairly course
indication, allowing a resolution of perhaps less than ten levels in the range of impacts being
evaluated as negative over neutral to positive. It is also possible to include non-linearities in the
criteria adopted. At the extreme these could be the labelling of some impacts as unconditionally
unacceptable [11].

8. WIND TURBINES AND SILICON ROOF-TOP MOFULES

The wind turbine analysis [12] presented in Fig. 7 pertains to Danish turbines currently
produced and locally installed. It is realized that several of the impacts exhibit a dependence on
the natural, social and human setting. Thus one should be careful in transferring data to other
settings than the Danish one. The penetration of wind power in the Danish electricity system is
currently 4-5%. If penetrations above some 20% were achieved, the question of energy storage
would have to be addressed. However, given the strong international links, e.g. to the Norwegian
hydro system based on annual storage cycles, the cost of dealing with the variability of wind
energy production could turn out to be very low [13].

The manufacture of photovoltaic cells is today barely suitable for generic assessment. Some
mass-scale production is taking place, but the technology continues to change, as it has to in order
to approach a price level catering to major market segments such as bulk power production.
Furthermore, the worldwide industrial capacity is currently not fully used, and this slows down an
introduction of improvements that are already identified and ready for implementation. Some of
these improvements are known to lead to substantial improvements in conversion efficiency, while
others reduce the manufacturing cost and at the same time reduce the environmental impacts of
cell and module manufacture.
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Fig. 7. Life-cycle assessment of wind and solar cell systems, expressed in arbitrary units.

The life-cycle analysis presented in Fig. 7 pertains to the current manufacturing technology
for silicon-based cells [14]. These comprise the substantially different technologies of crystalline
and amorphous cells, and of solid or thin-film techniques. When impacts depend on these
differences, it will be pointed out. Furthermore, there are several differences between the impacts
of modules for centralized power plants, and those aiming at decentralized use, integrated into
building structures such as roofings. One of these differences has to do with the possibility of
using concentrator cells and tracking devices, while other obvious differences have to do with area
use. Also the possible modularity of electricity conditioning equipment such as inverters may
differ.

The present analysis assumes non-concentrating cells in modules mounted on individual
buildings. Cell and module fabrication is assumed to take place in the country using the modules,
and the penetration of the technology plus the structure of the residual electricity supply system is
assumed to be such, that no particular requirements for energy storage arise in conjunction with
the photovoltaic panels. The main steps in the life-cycle of photovoltaic devices are depicted in
Fig. 8.
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8.1. Impacts

The overall cost of producing wind energy in Denmark is currently about 35 0re/kW.h
(5 US cents per kW.h), with O&M constituting an average of 7 0/kWh (1 c/kW.h) out of this,
averaged over an assumed 20 year lifetime. Because the capital cost is dominating, there is much
less uncertainty in cost after the turbine is installed, than there would be for a fuel-based system.
The import fraction of the capital cost is 28%, that of the running cost 15%. The employment
factor is about 3 (fulltime equivalent per million Danish Kr. spent). Labor is considered a negative
impact in Fig.7, but it might be viewed as a positive attribute by some societies (with activity
deficiency or inefficient distribution of wealth), especially in times of unemployment. In any case,
creating jobs within a society is often viewed as preferable compared with creating jobs abroad.
Current cost of photovoltaic power is about 40 US cents per kW.h, but expected to fall to around
10 c/kW.h early in the next century. Of the 40 c/kW.h, about 25 c derive from module capital
cost and 1 c from O&M, the rest being balance of system (BOS) capital cost. The projection
would be for around 6 c/kW.h for the modules and 3 c/kW.h for the BOS in the rooftop mounted
case, assuming integrated PV-building elements or thin-film modules glued onto a cheap substrate
building element. No installation cost apart from electric connection is included, assuming that
mounting costs are the same as for other roofing elements. The national economy items are
similar to those of wind turbines, except for the higher labor content associated with the higher
cost.

Danish wind turbines are placed both in park configurations and individually. The land
between them and right up to the towers may be used for agriculture, so that the largest cost in
terms of land-use is often the access roads needed for service purposes. Typical values are 10 m2

per kW rated power. Land resources may be returned after decommissioning.
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The mechanical noise from Danish wind turbines is below current minimum regulatory
limits (35dB(A) in the audible range, and about 70 dB(A) for infrasound) a few rotor diametres
away from the turbine. Aerodynamical noise from the blades is similar to that of other structures
or vegetation. Telecommunication interference has been studied and found similar to that of static
structures (e.g. buildings).

The extraction of power from the wind has a slight influence on the microclimate below and
behind the turbines, but otherwise the pollution associated with the operation of wind turbines is
limited to minor issues such as oil used for greasing. The main potential source of pollution is the
manufacture and maintenance operations, which are subject to the usual industrial regulation. The
work environment at manufacturers of windmill components is similar to that of other equipment
manufacturers, while the work environment for tower building, assembly and maintenance is
similar to that of work in the building industry, with lots of open air activities and scaffold work
at a height. With proper safety precautions, such work is generally offering a varied and
challenging environment.

Health problems are primarily present in the industrial part of manufacture, including in
particular the use of epoxy resins in blade manufacture. Modern production lines have confined
this step of production to closed spaces with fully automated facilities, implying that employees
only do control-room work, and that the risk of exposure to harmful chemicals is basically an
accident risk. 18 years of blade manufacturing experience has proven that the accident risk can be
kept extremely low.

The use of dedicated land resources is zero for rooftop mounted solar panels. Silicium is
abundant everywhere, in the form of silicon dioxide, but as for any mining operation, its
extraction may affect the natural environment. The operation of solar panels is without noise or
smell, but the integration of panels in buildings does require architectural skills in order to
produce acceptable visual impacts.

The industrial handling of silicon, throughout the steps of production, all involve potential
pollution of the environment, unless all materials used are accounted for and recycled [15]. The
processes involved are typical of many chemical/mechanical industries or particularly of the
semiconductor industry, so one may use data from that industry in the analysis. Social benefits
derive from the electricity produced. Both wind and photovoltaic energy can have impacts on the
infrastructure of the electricity supply system, because of the dispersed mode of production, that
may lead to reduced demands for the power transmission.

The work environment for solar cell manufacture involves the risk of exposure to a range of
dangerous chemicals. Most have analogies in the semiconductor industry [15]. On the other hand,
few impacts are expected during operation of PV systems or their retirement.

Security of supply from both wind turbines and solar cells is generally high, with the
qualifications related to the variability of the resource. The modular nature of the systems make
individual failures less important. Because of the short time lag between deciding to built the
system, and its operation, the renewable energy technologies considered have much less sensitivity
to planning errors (e.g. wrong forecast of future loads) and changes in criteria used for selecting
technology, than systems with several years lag between decision and operation. For both wind
and particularly for building-integrated solar cells, a decentralized decision process and local
control are readily possible.

9. COMPARISON WITH CONVENTIONAL FUEL-BASED SYSTEM

The impact profiles of Fig. 7 are in many ways typical of renewable energy systems. It is
therefore relevant to place them in perspective, by comparing them to the profiles pertaining to
conventional fuel-based systems. Fig. 9 shows such a profile, for electric power produced by a
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large coal-fired plant. Data pertains to the Danish level of particulate removal, SO2 scrubbing
etc.[16]. Preliminary results of a fuel externality study within the EU Joule II program is
indicated, in those cases where numerical values have been obtained [17].

The profiles exhibit, in addition to the well-known differences between fuel-based and
renewable energy systems, in economic impacts, a number of stark differences in all other impact
areas, which strongly favors the renewable energy solutions.
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Fig. 9. Life-cycle impacts of coal power life-cycle (the figures on the right are preliminary).
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10. CONCLUDING REMARKS

The purpose of the present article has been to demonstrate some of the working methods
presently characterizing the field of energy and environment, and to place them in the context of
the IPCC work on greenhouse effect mitigation and development. This in particular involves the
identification of assessment methods, that retain not only conventional economic, but also
environmental and social impacts from energy activities. The scenario methods linked to LCA are
offered as the likely best candidates for political assessment in this field.
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