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FOREWORD

An international Advisory Group Meeting on Assessment of Greenhouse Gas Emissions from the
Full Energy Chain of Solar and Wind Power was convened by the IAEA at its Headquarters in
Vienna, 21-24 October, 1996. The meeting was attended by 12 experts from 9 countries and two
international organizations, and including one consultant to the Agency. The 12 papers presented
at the meeting are reproduced herein.

The objectives of the workshop were:

to define and to analyze the solar and wind power chains in terms of emissions of
greenhouse gases from the whole energy chain, i.e., during a plant's operation, and from
the construction of the plant to the plant's decommissioning and waste storage;-

to evaluate existing assessments of full-energy-chain emissions of greenhouse gases from
the wind and solar power chains and, where possible, compare these results with such
emissions from nuclear power and other energy chains.

The meeting constituted a useful international forum for the discussion of investigations into the
full-energy-chain assessment of greenhouse gas emissions from different energy sources. Analyses
of various solar and wind energy chains were presented. The participants explored and agreed
upon greenhouse gas emission factors for different technologies, with differences in the emission
factors being accounted for by differences in project configuration, local manufacturing conditions
and other such explanatory variables.

This meeting was the fourth in a series of meetings on assessing greenhouse gas emissions from
various energy chains. The first, which focussed on methodology, was held in Beijing, China,
4-7 October 1994. The second was on nuclear power, convened at the IAEA Headquarters in
Vienna, 26-28 September, 1995, The third, on hydropower, met at the Hydro-Quebec
Headquarters in Montreal Canada, 12-14 March, 1996. This series of meetings, when concluded,
will help achieve international consensus concerning the methods, input data bases and results of
full-energy chain assessment of greenhouse gas emissions from different energy sources.
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INTRODUCTION

There is a strong interest in full-energy-chain (FENCH) analysis, particularly in order to define
externalities of various energy systems. Such assessments are the basis for thorough and fair
comparisons of climate impacts from the production and use of different energy sources.
Consideration of climate impacts from increased atmospheric greenhouse gas (GHG) levels, which
can be attributed largely to energy production and use, is becoming increasingly important to
energy policy. The results of such comparative FENCH assessments could play an essential role
in energy planning. Related GHG assessments might have relevance for climate benign national
energy planning in view of commitments made by countries ratifying the Framework Convention
on Climate change (FCCC), to lower or stabilize national GHG emissions.

The present atmospheric levels of energy-related GHGs are mainly due to activities in the
developed countries. However, this will have changed by the first quarter of the 21st century,
since developing countries are expected to have rapidly growing populations and increased per
capita energy consumption in the next few decades. Moreover, there is a continuing transfer of
energy-intensive industries, such as steel, cement and aluminum manufacturing, from developed
countries to developing countries; this would further increase the Third World's share of global
greenhouse gas emissions. Large construction programs for new power plants - fossil, nuclear and
hydro - are therefore expected in developing countries and in economies-in-transition, particularly
where there is strong economic growth. In part as a result of the widespread ratification of the
FCCC. which emphasizes both sustainable economic development and the mitigation of potential
climate change, national energy planning is increasingly aiming towards using energy resources
and technologies that are climate-benign. Solar and wind power are among these.

Given the expected growing penetration of solar and wind power in the next few decades, it is
important to compare the FENCH emissions from these energy sources compared to the more
traditional energy sources such as nuclear, hydro and fossil fuels. FENCH analysis is particularly
critical for wind and solar power, since the bulk of the greenhouse gas emissions associated with
these technologies arise in the manufacture of the components and in plant construction rather than
from plant operation. As noted in the following presentations, variations in component standards
and in building requirements from country to country will therefore affect the GHG emission
factors for various wind and solar projects.
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MAJOR FINDINGS. CONCLUSIONS AND RECOMMENDATIONS

Major findings from the meeting were of two kinds: general and methodological conclusions; and
specific, numerical and technical findings. These are presented in turn below as agreed and
contributed by the participants.

General and Methodological Findings

1. Functional Units

The functional units to be used for expressing emissions and for comparing emissions among
electricity generating technologies should be in terms of emissions per kWh(e). For wind and solar
technologies, where output from plant is site specific, the annual yield (defined as kWh/kW of
capacity) and the lifetime of the plant which were assumed in calculating emissions per kWh(e),
should always be specified. This permits any analysis to accommodate site specific applications and
characteristics, while providing a consistent basis for comparison with analyses of other technologies.

2 Analytical Methods

For energy and greenhouse emissions analysis, process chain analysis is recommended, as enunciated
first at the Beijing Advisory Group Meeting, October 1994. Process analysis may be supplemented
by input-output analysis. I-O analysis is useful for consistent analysis of direct and indirect GHG
emissions from the complicated processes of Industry. It permits rapid calculation of materials and
energy coefficients for the full production chain, but only on a national average basis and without
considering imported components or new technologies. Specifically, new technologies (such as PV
cell manufacture) are not well characterized in input-output tables of the economy, and it is often
difficult to obtain very up-to-date input-output tables, thus exacerbating the problem.

3. System Boundaries

Analysis should focus on those areas of major significance in terms of emissions from intermittent
renewable power technologies, recognizing that the importance of different factors will vary by
country, by site and by technology, and most important of all, by power density at the site For wind
and solar technologies, the major emissions source will be manufacture of component materials and
the energy (electricity and heat) used to produce those materials. Imported materials must be
identified for purposes of national policy; for the purposes of calculating total emissions, one should
recognize the important differences in materials and fuel requirements for manufacturing processes
in different countries.

Transportation of components is generally not a major emissions source for wind and solar plants
Land use is only a source of emissions where land is permanently denuded of vegetation; it is
generally assumed to be a negligible emissions source for such plants. Land use for photovoltaics on
buildings is zero. The relative importance of these factors could change, however, for very low
power-density plants. Emissions of greenhouse gases other than CO2, while included in process chain
analysis, are generally considered to be small for present wind and solar systems.



One must also specify if a plant is grid-connected or not (most current applications of photovoltaics
are not), and whether the grid exists to connect to the plant. For grid-connected plants, the impact
of power lines and converters should be considered in the analysis, though their overall emissions
contribution may be small. For wind and solar technologies, decommissioning is generally considered
only in a preliminary way, and the impact on emissions is expected to be small.

4 Materials and Energy GHG Emission Factors

Emissions for non-fUel related energy systems derive primarily from the manufacture and construction
phases. For photovoltaics the most critical element is the manufacture of silicon. The emission factor
for crystalline silicon is dominated by the energy used during manufacture; the emission factor
associated with this energy use will vary greatly depending on where and how the silicon is made. For
example, the GHG emission factor of silicon produced using coal-fired electricity will be larger than
that produced using hydropower. The energy use and emission factor may also vary depending on
whether solar or electronic grade silicon manufacture and use is being considered. Crystalline silicon
PV cell production today uses a side-product of electronic grade silicon manufacture. As the PV
industry expands, the use of solar grade silicon is also likely to expand.

The degree of recycling for steel, aluminum and glass is also a critical consideration for both solar and
wind technologies. While generic figures may not be usefully derived given the country specific nature
of manufacturing and energy processes, one can nonetheless provide a range of coefficients, or a
formula for deriving such coefficients consistently under a range of country- or site- or
technology-specific circumstances. (See Table 1).

5 System Flexibility and Emissions Savings

Grid-connected solar and wind power plants provide electricity depending on the availability of solar
radiation and wind, and independently of electricity demand. Most grids have the capacity to absorb
up to 10% penetration of their grid's annual generation by these grid-connected intermittent
renewable sources, without the need for additional storage or for adjustments to their system, other
than perhaps re-ordering the dispatch of their mid-load generating plants. In no country has this
penetration threshold yet been exceeded.

So long as penetration is within this 10% threshold, one can calculate the savings in emissions per
k\Vh(e) that could result from substituting wind or solar power for conventional generation by simple
rule of thumb. (In principle, this same exercise could be used to estimate the effect of adding any low-
emission plant to the grid.) For each kWh(e) substituted, the GHG savings is calculated as system
average fuel-related emissions less the emissions for the wind nd/or solar chains. Calculating system
emissions and emissions savings on this basis is considered to be more than 90% accurate. However,
for full life cycle analysis, a more detailed calculation of emissions savings would have to be done.
This would consider, for example, emissions from individual peaking plants and changes in system
average emissions as the dispatch and shut down order changes.
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6. Storage

For grid-connected wind and solar plants additional storage may not be a consideration so long as
penetration is within a 10% flexibility threshold for annual generation. For non-grid connected plants
- stand-alone or isolated systems - either energy storage or a backup system is required in order to
match supply with demand.

7. Analytical Parameters

The group concluded that differences in coefficients among the various presentations were
explainable by a few significant factors. In all cases, given the importance of materials (and their
energy inputs) for total emissions, the emissions/kWh(e) will be directly correlated (inversely
proportional) to the annual yield and the lifetime of the plant.

The variations for photovoltaics were accounted for primarily by different assumptions about annual
yield, about the thickness of the silicon wafer and the weight of the PV cell, and about silicon
production The main differences in assumptions about production were whether one used electronic
or solar grade silicon (which have vastly different energy requirements) and the electricity generating
mix used in production. Other critical elements are steel and metal, and the degree of recycling
assumed For polycrystalline PV systems, differences in emission factors that varied by as much as
a factor of 5 could be justified by the variations in just a few factors, namely: the CO2 emissions
associated with electricity use in silicon manufacture (expressed in g CO2equiv./kWh(e)), use of solar
vs electronic grade silicon, weight of the cell, difference in assumed efficiency of the cells, and annual
yield.

For photovoltaics, the type of system, and how it is installed must also be considered. For example,
PV cells may be integrated into the facade of a building, separate modules may be located on the
rooftop of a building, or large arrays of modules may be mounted on the ground to form a PV power
plant Where PV modules are integrated into the building facade, full energy chain analysis would
require that the impact of the system on other building operations which may be affected (e.g.,
lighting) also be considered.

For wind turbines, the group found that a GHG emission coefficient for wind power in the order of
10 g CO2-equiv/kWh(e) was the kind of value that could be expected if a turbine were deployed in
a commercial situation and with proven technology, in a site that produced an annual yield of 2200
kWh/kW. In special cases, requirements for particular foundation structures could double the
coefficient; in other cases, improved turbines could have lower emissions. The group thus found that
a range of 5-25 g CO2-equiv./kWh(e) was reasonable.

Calculation of site and technology specific emission factors would require specification of annual
yield, materials used (and their energy requirement) and life of the plant. It would focus primarily on
the use of steel (and whether recycled or virgin) and of concrete, and to a lesser extent on copper and
fiberglass. This implies a focus on the foundation, tower and blades.



8. Multiple-Output Plants

Some analyses of joint-product plants (co-generation and district heating plants or hydro with water
pumping) now assign all emissions to the electricity generation of the plant on the basis of kWh(e),
with no emissions allocated to the waste heat or by-product (e.g., water pumping). In other analyses,
heat production emissions are estimated at what they would be in a separate heat plant, and the rest
of the emissions are allocated to electricity production. While joint-product plants were not the focus
of this workshop, the group recognized that some allocation of emissions to the by-product is
desirable and possible, using a number of different allocation techniques. The energy method was
mentioned as one possible approach. Participants have provided information on different methods
being used. They recommended a future meeting, or part of a meeting, be focussed on cogeneration
of heat and electricity.

The basic principle enunciated at Beijing, that one should only compare joint-product plants that
provide essentially comparable services, was recognized as an essential guiding principle. This is
particularly valid for the analysis of off-grid wind or solar plants: a wind turbine that runs a pump
should be compared, for example, with a diesel engine that provides the same services, and not with
electricity from the grid. This same principle can also guide the comparative analysis of single-purpose
plants, whether grid connected or not. It would suggest, for example, comparing different grid-related
technologies such as gas pipelines and high voltage lines that both supply household heating. It might
also suggest that the impact of non-grid connected generating plants be contrasted with the impact
of extending the grid to remote areas (or not providing the service at all).

9. General Rule of Thumb

The group found that the following statement is useful as a rule of thumb: GHG emissions from solar
generation are roughly about one order of magnitude less than from fossil-fuelled generation, while
emissions from wind generation are roughly about two orders of magnitude less than from fossil
fuelled generation. They found this "rule" to be broadly supported by the numbers discussed at the
meeting, though precise figures will vary depending on the given generation mix of any given grid

Specific Numerical and Technical Findings

Solar and wind power technologies are intermittent sources of electricity. GHG emissions from solar
and wind power generation are emitted indirectly from the use of materials and energy for
construction, operation/maintenance, and decommissioning of the installation, and are therefore
fixed regardless of output or plant efficiency. Emissions will vary from plant to plant depending on
efficiency of component manufacture, and on country manufacturing and energy characteristics.

Emissions in terms of output (kWh(e)) will also vary with output (as determined by plant efficiency
and availability), and will be site specific. In order to derive the FENCH-GHG emission factor for a
wind or solar plant one has to average indirect materials and energy emissions over the life-time (in
years) of the installation and divide by the annual yield, which in turn will vary with exposures to wind



and solar radiation

These variables are site-specific. Annual yields of solar power differ by a factor of three between the
best sites of the tropics and best available in the moderate latitudes. Annual yields for wind power
sites will decrease from off-shore to coastal to inland sites. It should be noted, however, that while
there are wide site-specific variations in wind speed and solar radiation, in reality, facilities will be
placed at the most appropriate sites, i.e., where there is good wind or insolation. The range for these
variables in actual plants will thus tend to be within one small part of the total range for all more and
less appropriate sites.

Materials and energy use for plant component manufacture are the sources of virtually all GHG
emissions associated with wind and solar generation technologies Hence they are the dominant
factors in FENCH-GHG analysis of wind and solar power generation. These GHG emission
coefficients were an important focus of the meeting. The materials and energy coefficients derived
by various participants, the differences between them and the reasons for those differences, are
discussed in some detail below.

1. Materials and Energy GHG Emission Coefficients

Table I summarizes GHG emission coefficients derived and/or used by the participants in their
respective FENCH analyses as presented and discussed at the meeting. Steel, silicon, and aluminum
accounts for most of the GHG emissions for solar and wind power. Their manufacture and use are
respectively country and site specific. The coefficients for these materials will also reflect whether
they are recycled, produced with energy-efficient processes or using less GHG-intensive electricity



Table 1

Table I. GHG Emission Coefficients for Materials Relevant for FENCH-GMG Emission Analysis
(In g CO2-equiv./g; except for electricity, which is in g CCvequivVkWhfe), GWP100)

Materials

high alloyed steel
low alloyed steel
unalloyed steel
recycled steel
cement
concrete
glass
pyrex glass
glass-fiber reinforced plastic
copper
aluminum 1

aluminum recycled
plastics
nitric acid
N-fertilizer
silicon
electricity

UK1

2.225

0.16

2.68
15.00

6964

Bates2

Germany5

1.65

0.90

0.97

6.82
2.52

1.44

580.00

Hartmann

5.96 6

1.88

0.14
1.10

5.30
12.85
1.27

765.00

Li'

n.a.
2.9-3 8

2.7-2.8
n.a.
1.2 9

0.15-0.65 10

1.8-2.011

2.50
n.a.

4.0-10 12

23-25 13

2.3-2.5 14

n.a.
n.a.
1 2 «

200.16

871.00

Dones
1994 Study
1994IPCC

7.21
3.03
2.44

0.96
0.16
1.18

5.41
22.95 17

1.30
1.37-5.45 18

0.61

510.00

1996 Study
1996 IPCC 19

5.95
2.21
1.80

0.99
0.14

1.02-1.05

5.47
12.91720

1.08
2.5-13.7218

0.61

515 21

Van de Vate

Literature
7.20

2..0-3.0
2.40

1.5-1.7
0.8-0.9

0.14-0.16
0.9-1.9

3.00
2.7-8.8
2.5-23

1.30
2-6.0

0.6-1.4
12.00

109-181
510-833 **

Generic
7.00
2.50
2.40
1.00

0.8-1.2
0.15

3.00
5.00
n.a.
1.30
3.00
1.00

12.00
n.a.1

6001

Uchiyama

8.79
4.39 a

2.2

0.38
0.11
2.36

2.5
2.87

10.50*
7.55 *
2.62

26

412



Footnotes to Table 1

1 The origin of the electricity used (i.e., the fuel mix for power generation) determines the
actual GHG emissions coefficient.

2 From European Commission - Emissions for materials derived from study of
emissions from processes, sub-sectors and sectors; Raptis, Sachau and Kaspar, 1995.
Emissions for materials are taken from the GEMIS database (Gesamt-Emissions Modell
Integrierter).

3 Values are for the UK and are based on analysis of emissions from processes, sectors and
subsectors; emissions of non-CO2 greenhouse gases have not been estimated.

4 1993 UK electricity generating mix; value in 1990 was 890 g of CO2-equiv./kWh.

5 Emissions factors from the GEMIS database (taken from Raptis, Sachau and Kaspar, 1995).

6 Steel mixture: 80% high furnace, 20% electric arc.

7 Most of the GHG emission coefficients for materials in China are high compared with
international data, due to greater energy intensity in China.

8 Steel: The energy use per ton of low alloyed steel was about 1 tee (0.962 to 0.933) in large
scale steel plants and about 2 tee in the small sized steel plants. Raw material use for
steel production in China is higher than in other countries, due to the poor quality of the
materials (iron content of about 30 to 50% in iron ore in China, vs about 60% or more in
other regions). Energy use per ton of steel is about 20% higher than in developed countries,
such as Japan or Korea. The total GHG emissions from steel production was about 75.33
million tons with about 98.72 million tee. The GHG emissions per ton of steel was about 3
tons of CO2.

9 Cement: 80% is produced by small enterprises or inefficient processes, with energy use of
about 180 kgee per ton of cement; 20% is produced by highly efficient technologies, with
energy use of about 130 kgee per ton of cement. The average level of energy use in cement
production was about 160 kgee, about 30% higher than other countries.

10A Concrete: Normal concrete weighs about 2,200 to 2,400 kg per cubic meter; concrete with
coal slag weighs around 1,600 to 1,700 kg per cubic meter and concrete with air around 550
to 850 kg per cubic meter. On average, cement use is about 30 % of the total weight of the
concrete, and emissions will vary considerably with the type of cement used. Based on this
information, the emissions of GHG vary from 0.151 to about 0.645 tons of CO2 per ton of
concrete.
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10B Steel (reinforced) concrete: The weight of steel concrete varies from 2,000 kg to about
2.500 kg per ton of concrete, with about 150 to 200 kg steel and 30% cement. Therefore,
GHG emissions range from 0.8 to 1.2 tons per ton of steel concrete.

11 Glass: The major energy resources used for glass production are fuel oil and coal gas. The
total glass production was about 0.403 million tons in 1990, and the total energy use was
about 2.19 million toe of fuel. The emissions of GHG from fuel were about 7.88 million tons
of CO2 Therefore, average CO2 emissions per ton of glass were approximately 1955 tons

12 Copper: The energy use in typical copper processing in China (2.16 to 4.26 toe per ton of
copper) was between 10 to 20% higher than elsewhere in the world. Total emissions were
about 4 to 10 tons of CO2.

13 Aluminum: Average energy use for aluminum production is about 15 MWh with GHG
emissions of about 13 tons of CO2. Thermal energy use is about 4 to 4.3 tee, with emissions
of about 12 to 13 tons of GHG. Total emissions are about 25 to 26 tons of GHG per ton of
aluminum produced.

14 Recycled aluminum: This can save about 80 to 90% of the to energy needed compared to
new production, resulting in GHG emissions of about 2.3 to 2.5 tons of GHG per ton of
recycled aluminum.

15 N-fertilizer: In China, most of N-fertilizer was produced by coal, which has higher GHG
emissions than oil or gas based fertilizer production, especially for the small and medium sized
fertilizer plants. Based on the information about energy use for N-fertilizer production, total
GHG emissions are about 12 tons per ton of N-fertilizer produced.

16 Silicon: Silicon in China is produced in small furnaces with high energy consumption: one ton
of silicon produced consumes about 14 to 15 Mwh, 700 to 1,200 kg of charcoal and 1,000
kg of oil coke. As a result, one ton of industrial silicon produced discharges about 200 tons
of GHG

17 The contribution of CF4 is 44%. In the Swiss study, aluminum production is the only process
with direct CF4 emission.

18 Polyethylene (PE) high density/low density = 2.62 to 3.26; Polyethylene Terephthalates (PET)
= 3.32; Polypropylene = 2.15; polystyrene impact-resistant/soft = 1.37/1.42; Polyturethane
Rubbers, expanded (PUR) = 5.45; Polyvinyl Chlorides (PVC) = 2.23.

19 Data from Frischknecht et al., "Oekoeinventare von Energiesystemen", 1996.

20 The contribution of CF4 is 18%.
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21 Based on average UCPTE fuel shares for reference years 1990-1994: hard coal, 17.5%;
lignite, 10.5%; oil,9.7 %; gas, 9.8 % (whereof 74.5 % is natural gas, 18.6 % is blast furnace
gas, 6.9 % is coke oven gas); nuclear, 36.9%; hydro, 14.2%; pumped storage, 1%; other
0.4%.

22 The lower figure reflects 1994 values for UCPTE, West European grid; upper figure is taken
from European Commission (1995) Extern-E Study.

23 Stainless steel.

24 Assuming 100% aluminum produced in Japan.

25 The present value (20% recycled).

26 Annual production (polycrystal silicon), using a factor [g-CO2/g]: 1MW (present) - 102 94,
10 MW- 52.03; 1 GW - 37.32.



Tables II. Ill and V contain the technology-specific GHG emission factors discussed at the meeting. There is
considerable variation in the values derived by different participants. The discussions of the group revealed,
however, that these differences are explained by differences in assumptions about a few key parameters. Most
important are the annual yield and the life-time of the installation: other site- or country-specific factors include
the GHG intensity of the electricity used for production of electricity-intensive materials; materials recycling; the
quality of the soil on which the installation is built; and national building regulations.

Solar PV power generation

Table II compiles data on different types of solar PV systems presented at the meeting: some gridconnected and
some stand-alone, some roof-top installations and some building-integrated. Since silicon has almost 100% share
of the PV market, silicon was the only PV material discussed at the meeting. The emission factors listed in this
Table do not take into account any backup or storage.

The total GHG emission factor of solar PV power generation from monocrystalline (m-Si) and polycrystalline
(p-Si) silicon depends mainly on the quality and amount of silicon used per kWp capacity. Most PV silicon now
used in solar installations is a by-product of the electronics industry, and reflects the precision requirements of
chip manufacture rather than the specific needs of solar technologies. As the solar PV industry expands,
manufacture of solar grade silicon will also expand, but in the interim, most calculations of GHG coefficients for
solar PV installations reflect the actual and current use of electronics grade silicon.

In this Table coefficients for silicon are calculated for electronic grade material. The exception is Uchiyama. who
assumes solar grade silicon to calculate emissions from future technologies. The quantity of silicon assumed is
also critical, whether the silicon film is assumed to be 300 or 450 microns thick.

One major factor in the emissions associated with silicon manufacture is the kind and quantity of energy used
The emissions associated with making silicon will vary by country. In Table II, Dones assumed emissions from
electricity at the European average (UCPTE) level of 515 g CO;-equivalent/kWh(e). while Hartmann used the
German average of 720.

The final critical assumptions are life of plant and annual yield. In Table II, Dones assumes a 30 year life.
Hartmann 25 years, and Bates 20. Dones assumes an annual yield of 860 kWh/kWp.y, while Hartmann assumes
900 and Bates 1000-1700.

The emission factors obtained by Hartmann are higher due to relatively high use of materials (especially steel).
a low annual yield, and thick silicon layer (450 urn). Dones' emission factors are about a factor of 5 higher than
Uchiyama's values because the latter assumes 1.7 times less electricity use for solar-grade silicon; 1.6 times less
mass of silicon per Wp; 1.3 times less CO2 released from electricity use; and 1.5 times higher annual yield. Other
differences are also due to: the different amounts of structural materials for support and foundation, especially
for large scale or roof-top applications: different siting assumptions, including panel inclination: age of the plant
being analysed; whether average or manufacturer's estimates are used; and whether advanced or current systems
are analyzed.



TABLE II. GREENHOUSE EMISSION FACTORS' FOR SOLAR PV POWER

PV (small-scale)
m-Si
p-Si
a-Si

PV (large scale)
ni-Si
p-Si
a-Si

Dones
Current

114-180
189-277

17I12

23513

Future

44

27

Uchiyama2

Current Future

2357 308-59"
29

81-126
105

Hartmann

26010

250
220

-

Bates3

98-167"

-

1 In CO2-equiv./kW.h(e) (calculated assuming no energy storage or backup).

2 Reflects Japanese regulations for typhoon and earthquake proof installations requiring heavy foundations and
structures

3 Date from the European Commission ExtemE Study.

4 Dones: Electronic-grade Si; 3 kWp, connected to the grid; Fuel mix UCPTE electricity 515 g CO2-equiv./kW.h(e);
30 years life-time, 860 kWh/kWp.y, 300 urn Si. Higher figures for facade, lower figures for flat-roof panels, lowest
figures for slanted panels; in each category, due to lower materials requirements, the building-integrated panels show
lower values compared to non-integrated ones.

5 Year 2010-2020.

6 Uchiyama: solar grade Si; 300 urn Si.

7 Uchiyama electronic grade, very high quality, 300 (im Si

8 Future: 2010.

9 Near future: 2000

10 Hartmann: Electronic-grade Si; electricity fuel-mix 720 g CCyequiv kW.h(e); 25 years; 900 kmWh/kWp.y, 450 urn
Si, preliminary data

11 Bates: Roof-top system; p-Si. 1000 - 1700 kWh/kWp.y, reflecting annual yield at a "moderate" and "best" site.

12 Swiss PHALK 500 kW (m-Si), 560 kWp (DC) annual yield of approximately 1200 kWh/kWp.y; 1992 data.

13 Swiss SSW, 110 kWp, annual yield of approximately 1000 kWhlkWp.y; 1992 data.

Adjusting for these major differences in assumptions explains virtually all of the differences in the
coefficients reported by the participants as shown in Table II.



Amorphous (a-Si) PV systems use thinner than lum photoelectric films. The silicon related
contribution to the GHG emission factor of an a-Si PV system is therefore small, making the steel
content of its support structure determinant of GHG emissions. The low silicon content of a-Si
systems leads to a low emission factor for future systems of about 30 g CO2-equiv./kW.h(e)), which
is in the same range as that for the future systems based on solar-grade crystalline silicon.

The support materials (glass, steel, and aluminum) will become also major contributors if solargrade
Si, which is 1.5 times less electricity intensive, can be used. Advanced solar PV systems using
crystalline solar grade Si will have FENCH-GHG emission factors in the range of 30-60 g
CO2-equiv./kW.h(e), much less than the 100-250 g CO2-equiv./kW.h(e) for current solar PV systems

Wind power generation

The GHG emissions for wind power generation are largely determined by the amount of steel in the
tower and foundation, by the mass of the blades (steel and glass-fiber reinforced plastic), and by the
concrete foundation. These are specific for country and site. Some countries' regulations require
higher masses of steel in the tower and more (steel-reinforced) concrete in the foundation. The
contribution to the total GHG emission factor of wind power from transportation of materials is
considered negligible. GHG emissions in terms of output will vary primarily with annual yield.

A reasonable value for the GHG emission factor for wind power is 10 g CO2-equiv./kW.h(e). Some
contributing factors are site-specific and can yield a range for the GHG emission factor of 10-40 g
CO2-equiv./kW.h(e). The prevailing average wind speed is an important parameter, determining the
annual yield (see Table IV). The GHG emission factor EFwmJ for a wind turbine can be estimated
using the following simplified equation:

where:

of steel ef, = C02 emission coefficient for steel
C = mass of concrete efc = C02 emission coefficient for concrete
A\ = mass of aluminum efM = CO2 emission coefficient for aluminum
PI = mass of GFR plastic efn = CO2 emission coefficient for glass-fiber reinforced plastic
Pw = installed capacity (kW)
CFW = capacity factor (see Table IV).
LFT = life-time of the installation (it is reasonable to assume 50 years for the foundation and 20 years

for the rest of the installation.
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Uchiyama also notes that for a complete life cycle analysis, one would also consider material loss of
production, equipment manufacture, construction and O&M costs, as well as the effect of embodied
materials. For this calculation he would propose the following equation:

EF wmd={Materials/(l-Lm)+M+T+S}/(8760*Pw*CFw*LFT)+O&M/(8760*Pw*CFJ

where:

Materials = CO2 emissions due to the materials used in the system

Lm = Fractional material loss of production (~0.2~0.3)

M = CO, emission from equipment manufacturing

T = CO2 emission from transportation

S = CO2 emission from services in industry

M+T+S = 0 3-0.4* Materials/(1-Lm)

O&M= CO, emission from annual O&M (~0.02~O3*CQ emission of mechanical and electrical
equipment).

Total emissions using this method may be twice as high as the value estimated by using the first
equation



TABLE EU. GREENHOUSE EMISSION FACTORS1 FOR WIND POWER

Dones Uchiyama2 Hartmann Bates3 Grum-
Schwensen/
Van de Vate

Wind power 364 24-48 145(226) 6-5; 9-I7 14*

1 In g CO2-equiv./kW.h(e).

2 Japanese regulations for typhoon and earthquake proof installations require heavy foundations and structures

3 Data from the 1995 European Commission ExtemE study.

4 Average calculated with two 30 kW and one 150 kW turbines installed in Switzerland at the beginning of the
1990s; below optimum sites (capacity factor 0.06 - 0.08).

5 1 MW turbine, analyzed by Process-Chain analysis.

6 I MW turbine, analyzed by Process-Chain & Input/Output analysis.

7 Reflects actual capacity factors for specific machines: lower figure reflects a capacity factor of 0.25 for a German
machine, the higher reflects a capacity factor of 0.3 for a U.K. machine. In both cases, a lifetime of 20 years was
assumed.

8 95 kW installed capacity (1988 model); annual yield 2210 kWh/kW.y. Emission coefficients by Van de Vate

The differences between the participants' estimated GHG coefficients for wind power shown in
Table III resulted from differences in system boundary, in the age and size of the turbines analysed,
and from two main differences in assumptions. First, Uchiyama covered all processes including
equipment manufacture, transportation, construction and O&M as well as materials production,
and based his estimates of materials requirements on Japanese regulations for typhoon-proof
installations requiring heavy foundations and structures. Second, Dones and Hartmann reflected
in their estimates the actual Swiss and German experience with less than-optimal sites. These have
low annual capacity factors - 0.06--0.08 for Switzerland - compared to the values of 0 25 and 0 3
used by Bates for Germany and the UK respectively.

The importance of siting and wind speed/availability can be seen in Table IV.



Annual yield
(kW.h(e)/kW(e).y)

1200
1800
2200
2500
3200
3800

Capacity factor

0.14
0.21
0.25
0.29
0.37
0.43

TABLE IV. ANNUAL YIELDS AND CAPACITY FACTORS OF WIND TURBINES
AS A FUNCTION OF THE AVERAGE WIND SPEED AT HUB HEIGHT.

Wind speed
(m/s)

5
6

6.5
7
8
9

1 Capatity Factor = Annual Yield - (365x24)

Solar thermal power

Solar thermal power generation concentrates solar energy into high quality heat for generating electricity. Four
different solar power technologies exist: parabolic dishes, parabolic troughs, central receivers, and solar ponds.

Table V compares current and future solar thermal power plants of these four different types. Current types of
solar thermal power plants have FENCH-GHG emission factors in the range of 20-30 g CO:-equiv./k W.h(e).
with steel (60%) and to some extent concrete (12%) being the main sources of GHG emissions among the
component materials. Future (advanced) plants will have lower emission factors of 10-20 g CO2-equiv./kW.h(e)
because of lower materials requirements. More efficient manufacture of GHG-intensive materials such as steel
and aluminum would significantly lower emission factors even for current technologies. Solar ponds are in a
separate category of very low GHG emitters, mainly because of their extremely low materials requirement.

The data on current plants show significant project-specific variations. Emission factors also improve with
increased efficiency and with higher concentration ratios.



TABLE V. GREENHOUSE EMISSION FACTORS1 FOR SOLAR THERMAL POWER

Central reveiver
Parabolic dish
Parabolic trough
Solarpond

Bates

61

Typical

48
51
80
6

Norto
Current

energy
efficient

21
24
30
5

n
future

10
15
20
4

Vant-Hull/
Van de vate2

16

Uchiyama3

213
315

g CO2-equiv./kW.h(e).

Central-receiver molten-salt Solar Two plant; 100 MW; 30 years lifetime, 0.38 capacity factor. Future
plant.

Demo plant constructed in Saijo of Japan; 5 MW; 30 years lifetime, 0.30 C.F.
Central receiver: materials 72%, O&M 17%, others (equipment manufacture, transportation

and construction) 11%.
Parabolic dish: materials 59%, O&M 22%, others 19%.

Ref. Y.Uchiyama and H.Yamamoto, "GHG Analysis of Power Generation Plan"
CRIEPI Rpt. Y91005 (May, 1992).

SUMMARY AND CONCLUSIONS

Important greenhouse gas reductions can be achieved by replacing fossil-fueled power generation by nuclear
power, hydropower and wind or solar power. The FENCH-GHG emission factors of the fossil fuels are almost
two orders of magnitude higher than those of the latter energy technologies.

There is a clear need for international consensus on full-energy-chain greenhouse gas emission factors, as
evidenced by the interest in the results of this series of IAEA Advisory Group Meetings. Experts recognize that
fair comparison of energy resources can only be made by considering all direct and indirect emissions associated
with or inherent to the total power generating system.

The participants at this AGM constituted a useful international forum for the discussion of investigations into
the full-energy-chain assessment of greenhouse gas emissions from different energy sources. Clearly considerable
progress has been made in this field since the first IAEA Advisory Group MeetingAVorkshop in this series, held
m Beijing, China, 4-7 October 1994. The present meeting added further to the network for collaboration on this



in Beijing, China, 4-7 October 1994. The present meeting added further to the network for collaboration on this
topic. These meetings, if regularly convened by IAEA, could help to create an international consensus concerning
the methods, input data bases and results of full-energy-chain assessment of greenhouse gas emissions from
different energy sources.

In this regard, participants identified an analytical gap in full-energy-chain analysis to date, and recommended
that the IAEA should consider filling this gap. Specifically, participants noted and discussed the problems of
calculating greenhouse gas emissions for dual-purpose (e.g., cogeneration) plants. They suggested that the
Agency consider sponsoring a discussion of methodologies for assessing FENCH-GHG emissions from the
cogeneration of electricity and heat, in one of the meetings to be held next year in this series. This could be done,
for example, at the IAEA AGM on biomass energy, which is planned for Spring 1997. Cogeneration will also
be important at the proposed AGM on fossil fuels and at the final summary AGM/Workshop proposed to be held
jointly with IPCC.



Paper to the IAEA Advisory Group Meeting on The Assessment of Greenhouse Gas Emissions from the
Full Energy Chain of Solar and Wind Power, 21-24 October 1996, IAEA Headquarters, Vienna, Austria

SUSTAINABLE DEVELOPMENT RELEVANT COMPARISON OF THE
GREENHOUSE GAS EMISSIONS FROM THE FULL ENERGY CHAINS OF
DIFFERENT ENERGY SOURCES

J.F. VAN DE VATE, consultant XA9846084
Schillerstrasse 55
A-2340 Modling
Austria

Abstract

It is emphasized that sustainable energy planning should account for the emissions of all greenhouse
gases (GHGs) from the whole energy chain, hence accounting not only carbon dioxide as the greenhouse gas
and not only for the emissions from the combustion of fossil fuels. Lowering greenhouse gas emissions
from the worldwide energy use can be done most effectively by accounting in energy planning for the full-
energy-chain (FENCH) emissions of all GHGs. Only energy sources with similar output can be compared.
This study investigates electricity generating technologies, which are compared in terms their GHG emission
factors to be expressed in CQj-equivalents per kW.h(e). Earlier IAEA expert meetings are reviewed. A
general meeting made general recommendations about methods and input data bases for FENCH-GHG
analysis. Two more recent meetings dealt with the energy chains of nuclear and hydropower. The site-
specific character of the emission factors of these energy sources is discussed. Both electricity generators
have emission factors in the range of 5-30 g CO2-equiv./kW.h(e), which is very low compared to the
FENCH-GHG emission factors of fossil-fueled power generation and of most of the renewable power
generators.

1. INTRODUCTION

The Conference of the Parties (CoP) to the Framework Convention on Climate Change
(FCCC) has adopted the Methodology for National Inventories of Greenhouse Gas Emissions. The
guidelines for use of the methodology was developed in the early 1990s jointly by the
Intergovernmental Panel on Climate Change (IPCC) and the OECD [1], Chapter 1, on Emissions
from Energy, of the Guidelines describes the method for calculation of CO2 emission factors for
stationary sources on the basis of the national consumption of fossil fuels. Two methods are
optional: one using country-specific data, e.g. heating values, and the other based on default
values. Both methods implicitly assume zero GHG emissions from energy sources other than fossil
fuels and only fuel-associated GHG releases (e.g. also CH4 from coal mining). This, however,
should be considered to be unrealistic and not a sustainable approach since it neglects the often
substantial GHG releases from all activities inherent to the production of the energy. This is a
"life-cycle" or "cradle-to-grave" approach. The IPCC/OECD methodology also assigns emissions
to the country within which borders the releases occur (thereby neglecting the global character of
climate change), in stead of allocating all FENCH-GHG emissions to the country using the
energy.

CO2 is the major GHG and energy use is the major source of it (Fig. 1). Therefore,
energy-use associated air pollution is considered to be the main threat to the Earth's climate.
Energy planning in the spirit of the FCCC requires comparing objectively various energy sources.
This implies accounting for emissions of all greenhouse gases (GHGs), i.e. not only CO2.
Therefore, the usual approach of considering only the conversion step of primary to secondary
energy, viz. only CO2 from combustion of only fossil fuels in power plants, is inadequate for
climate benign energy planning. The correct approach should account for all GHG emissions from
the whole energy chain.

In the cases of nuclear power, hydropower and the renewable energies GHGs are emitted
mainly from upstream and downstream activities. For example, e.g. uranium enrichment, a
strongly electricity intensive process, dominates the GHG emission factor of nuclear power
generation. Similarly, GHGs are emitted from electricity generation using solar (PV) technology



and wind power, e.g. from the manufacturing of silicon panels and from the manufacture and
transportation of turbines parts. All non-fuel emissions associated with the construction of
installations have to be averaged over the installation life-times of one or more decades, thereby
lowering the importance of these non-fuel related emissions compared to fuel related emissions.
Generally, this makes the fossil fuels, including natural gas, less attractive as an energy source.

The number of experts carrying out comparative assessments of FENCH-GHG emissions
is small. Two Swiss institutes, the Paul Scherrer Institute (PSI), Villigen, (Dones, in [2]) and the
University of Zurich (Frischknecht, in [3]), have made an extensive FENCH intercomparison of
energy sources which includes not only GHGs but also many environmental factors. The Japanese
group of Uchiyama from the Central Research Institute of the Electricity Producing Industry has
made what is probably the most extensive FENCH-GHG comparison concerning some 13 different
energy technologies [4]. Both Swiss and Japanese studies are being refined and updated. In
Germany there are at least two groups involved in FENCH-GHG studies: the C»KO Institute,
Darmstadt [S] and the University of Stuttgart [6]. USA investigations in this field are limited to
those reported in 1989 by San Martin in [7]. These were not updated. A more recent USA study
by DeLuchi, published as an ANL report [8], deals with nuclear power and fossil-fueled power
generation only. A German publication [9] by Lewin is based on a thesis study on FENCH-GHG
emission intercomparison and is largely based on DeLuchi's investigations. Scattered in literature
there are a few more FENCH-GHG studies which are limited to individual energy sources
only [10].

Literature on FENCH-GHG analyses is somewhat scanty and often difficult to access.
Either it is grey literature or it is not published in English. Moreover, most studies deal neither
with all links of the energy chain, nor with materials-manufacturing associated GHG emissions,
nor with non-CO2 GHGs. An IAEA workshop reached consensus about the methods and data
bases for FENCH-GHG analysis and compared the results of four FENCH-GHG projects for nine
different energy sources [2]. Literature values scatter due to different system boundaries of energy
technologies and the use of different analytical methods and outdated economic data bases, the
latter especially in input/output analysis. FENCH-GHG emission factors scatter also due to the use
of different global wanning potentials (GWPs) of CH4. Fig. 2 gives an impression of the literature
data on FENCH-GHG emission factors and their ranges for various energy sources. Literature
shows substantial uncertainty ranges for coal and natural gas (different accounting of CH4 releases
from extraction or transportation), for hydropower (different accounting of CH< and CO2 releases
from water reservoirs), for solar power (different accounting of solar-panel manufacturing
associated releases) and for biomass (mainly different system boundary definitions).

The International Atomic Energy Agency (IAEA) in Vienna, Austria has convened a
number of international expert meetings dealing with the comparative assessment of "full energy
chain" emissions of GHGs from different energy sources. A few more are planned for the years
1997-1998. The social, environmental and economic impacts from electricity generation are
outside the scope of the meetings. The meetings take place in the framework of a larger research
programme on intercomparison of energy sources in terms of their costs and their impacts on
health and environment. Major meetings were convened in Beijing (China), October 1994, on
general aspects [2]; in Vienna, Austria, September 1995, on the nuclear fuel cycle [11]; and in
Montreal (Canada, Quebec), March 1996, on hydroelectricity [12]. This paper summarizes
information from these three IAEA meetings. One chapter deals with the methodologies and
databases for comparative assessment of FENCH-GHG emission factors and largely refers to the
1994 workshop in Beijing. Further chapters review FENCH-GHG literature and the GHG
emissions from the FENCHs of nuclear and hydropower. The latter chapters refer to the expert
meetings on these energy sources [11],[12].



2. FENCH-GHG ANALYSIS: METHODS, DATA BASES AND APPROACHES

2.1. Methods of analysis

Basically, two methods are available for FENCH analysis: input/output (i/o) analysis and
process analysis. I/o analysis uses national economic sector/commodity statistics in order to derive
energy flows into the various links of the FENCH. Process analysis, however, analyzes in detail
the flows of materials and energy into each process.

The use of FENCH-GHG emission factors in energy planning requires data which are
relevant for the future period of the planning. This implies that process analysis is the most
adequate method for FENCH analysis, since it can make use of information about present and
future energy technologies, contrary to input/output analysis which is based on economic data for
technologies which are recent at best. Process analysis is much more time-consuming than i/o
analysis, requires inventiveness and therefore has the risk of unintended neglect of processes. The
statistics required for i/o analysis often is not available, in particular in most developing countries
and countries in economic transition, or is inadequate (commodities aggregation).

Where necessary and practical, i/o analysis could complement process analysis, in
particular for extending analysis outside the boundaries of a process analysis. However, in such
complementary assessment it should be recognized that process analysis captures the major part of
ihc efiecii. II analysis of a whole energy system is lequired foi identifying more efficient GHG
policies, a more comprehensive approach should be used which is different from that described.

2.2. Data base requirements

One of the reasons for the scattering results of the various existing FENCH assessments
(see below) is the site-specific nature of the energy chains or parts of them due to the national
variability of technologies, industries, energy endowment, etc. Whether data, generic or site-
specific, are preferable for FENCH assessment in view of their reliability, depends on the purpose
of the assessment. Site-specific data are preferable for comparison of different technologies or
different plant levels. In cases where full data bases1 are not available, a first assessment can be
made using generic data.

23. Time horizons and life-times

The life-time of the devices, which are the links in the chain of a technology (including its
decommissioning), should be used in FENCH technology analysis. For systems analysis a time
horizon should be used which is compatible with the problem under concern, e.g. 30 years in case
of CO2 reduction by 2030. Recent expert meetings have recommended life-times for nuclear
power plants and hydropower plants of 40 years and 100 years, respectively [11],[12].

2.4. End-use points, output and downstream of electricity generation

Several problems can be distinguished in relation to the downstream and end-use points of
electricity generation.

Where different energy forms, such as heat and power, are involved, the analysis has to
be carried out further to the end-use. In comparing technologies that produce more than one form
of energy, such as cogeneration of heat and power, the comparison should be made with systems
that provide the same range of output. There are cases, in particular in developing countries,
where energy is a byproduct of a non-energy service, such as hydropower from irrigation or
fresh-water storage. It is difficult, if not basically incorrect, to quantitatively allocate the GHG

1 For many countries, such as the developing countries, such data bases do not exist.



emissions from use of e.g. a water reservoir for these different services. It is not recommended to
compare GHG emission factors derived for such energy byproducts with energy source related
GHG emission factors.

2.5. System boundaries in FENCH-GHG analysis

Technologies that may require storage or backup support, should be compared only
integrated in a system. For example, wind power should not be compared with coal-fired power
but as part of the system. Usually wind power has backup support which has to come from peak-
load power supply, usually being fossil-fueled supply and strongly GHG-intensive. The same
applies to solar power.

If electricity storage is applied to the intermittent renewable power sources, such as wind
and solar power, then the storage system should be accounted for in FENCH-GHG analysis. In
case of hydropower a pumped-storage system contributes strongly to the ultimate GHG emission
factor of hydropower [12].

It can be shown that the backup electricity generation required during seasons of low
hydropower generation (especially from run-of-river plants) could, depending on the national
energy system, substantially contribute to the total national FENCH-GHG emission factor of
hydropower [12].

The electricity transmission requirements of the technologies to be compared could be
different. For example, if centralized power generation is compared with decentralized small
power systems, then the electricity transmission lines should also be included in the analysis.

As mentioned above the CoP/FCCC prescribes a Methodology for National Inventories of
Greenhouse Gas Emissions which only accounts for the GHG emissions released within the
national boundaries. However, from the standpoint of sustainable energy production and services
it is basically correct, that all FENCH-GHG emissions inherent to the whole energy chain are
charged to the ultimate consumer. These are emission from sources within the system boundaries
which do not coincide with the national boundaries. Sustainable development implies global
partnership and should take into account the worldwide character of the impacts of anthropogenic
climate change. The FENCH approach deals with all links of the energy chain which links could
be, and in many cases some links are, outside the national borders, such as imported electricity,
mining and extraction of fossil fuels, and materials for installations. Since a large share of the
GHG emissions from the FENCH can have released in other countries, this might have
implications at a political level.

2.6. Electricity-intensive energy technologies

For analysis of technologies - such as nuclear, solar and wind power - where external
electricity inputs in the upstream part (mainly materials manufacturing) of the energy chain are
substantial there is a high sensitivity to the assumptions made regarding the mix of energy sources
for the electricity input. For example, there are countries, such as Austria, Brazil,France,
Norway, and Sweden, relying largely on low CO2 emitting power generation, mainly hydropower
and/or nuclear power. These countries have national energy-specific CO2 emission factors ranging
from 40 to 60 Tg CO2 per EJ primary energy produced which is in the range of the (non-FENCH)
emission factor of natural gas combustion. For comparison: the world average is 72 Tg CO2 per
EJ. In view of this important site-specific factor it is recommended that the relevant assumptions
are stated explicitly.

2.7. Material flows

Careful consideration should be given to the GHG emissions associated with the material



flows into each device of the FENCH. In order to define generic data for material flows, it is
worthwhile to improve the insight and usefulness of international data bases established so-far and
to explain the differences between these data. Most studies focus on the direct and indirect energy
use, resulting in neglect of most manufacturing-process associated GHG emissions. Table I
compiles the total GHG emission factors of GHG-intensive materials from literature. Frischknecht
[3], the European Commission [13], Fritsche [5], and Lewin [9] developed their own data base,
whereas the data given by Van de Vate [10] are a compilation from literature.

TABLE I. GREENHOUSE GAS EMISSION FACTORS OF GHG-
INTENSIVE MATERIALS (in g CO2-equiv./g)

Materials

High alloyed
steel

Low alloyed steel

Unalloyed steel

Cement

Concrete

Reinforced
concrete

Copper

Aluminum

Aluminum
(recycled)

Glass

Plastics

Nitric Acid

Fertilizer

Silicon

Van de Vate
[10]

-

2.0-2.2

-

0.76-0.9

0.14

!.C5

3.5-4.9

13-34

-

0.9-1.2

2.0-7.9

1.4

12

181

FriscbJknecht
[3]

7.21

3.03

2.44

0.96

0.16

5.4

23

1.3

1.2

1.37-5.45

0.61

-

-

EUR. Comm.
[13]

-

2.4

-

-

0.16

2.7

-

-

-

2.4 (GRP)

-

-

-

Fritsche
[5]

-

3

-

0.9

-

8.8

2.5

-

1.9

6

-

-

-

Lewiu
[9]

-

2.0

-

0.855

-

0.29

4.9

13.0

-

0.935

1.94

-

-

109

Despite the fact that site-specific aspects might be important, there is fair agreement between the
emission factors in Table I from the various sources of almost each material. With some care (in
view of the possibly country-specific character) these figures can be used as default values.

2.8. The use of GWPs in comparing GHG emissions from different energy sources

Comparative assessment of different energy sources in terms of their greenhouse gas
emissions has to account for all greenhouse gases. This requires a conversion factor to convert
into common units. It is internationally accepted and general practice to define CO2 as the
reference gas and to use the global warming potential (GWP) as a conversion factor. This means
that in our case one expresses amounts of non-COj GHGs in g CO2-equivalent units. Since many
energy sources, such as nuclear power, hydropower, and wind and solar power are pure
electricity generators, the functional unit should be electrical units, i.e. kW.h(e). Emission factors
of energy sources, therefore, are expressed in units of g CO2-equiv./kW.h(e). The GWP is a
worldwide accepted and criticized conversion factor. It is referred to the extensive literature, e.g.
the Assessment Reports of the Intergovernmental Panel on Climate Change (IPCC) (e.g. [14]). An
extensive discussion of the science and policy aspects of GWPs is given in the findings of the
Workshop on the Scientific Basis of GWP Indices [15].

CH4 is a non-CO2 GHG and the second important GHG in FENCH-GHG assessments.
Therefore, the GWP of CH4 is of importance for such assessments. Experts.participating in
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FENCH-GHG meetings have recommended to use the GWPs adopted by the Intergovernmental
Panel on Climate Change (IPCC) for FENCH-GHG calculations. Most recently, IPCC has
recommended a GWP of 21 for CH4 in its Second Assessment Report [14]. This GWP value, as
well as others, will be subject to changes following the still improving insight in the indirect
climate effects of CH4 and in the atmospheric residence times of CH4 and CO2 (IPCC has changed
its recommendations on CH4 already four times in some 5 years time). A recent IEA report [16]
discusses the literature on the various views on GWPs and the corrections to be made to these
IPCC GWP values. In particular, new findings concerning the sources and sinks of CO2 will lead
to increased GWPs of CH4, which could be substantially higher, and of other non-COj GHGs.
GWP values for CH4 of up to 45 (100 years time horizon) are reported from existing literature by
IEA. Taking this into account one might expect GWP values for CH4 of ca. 50.

In conclusion, the IPCC GWP is a simple, but imperfect and often inadequate, tool with
obvious limitations in its application to comparative assessment of hydropower associated
emissions of non-CO2 GHGs. There are other means proposed for comparing these emissions.
However, their use is not recommended [2]. If, however, different GWP values are used or
different comparative methods are applied, these should be stated or explained carefully. It should
be stressed that studies on full energy chain emissions should report both the assumed GWP
values and the relevant flows of energy and materials, as well as the emission factors of the
energy and materials used, in order to allow a sensitivity analysis for deriving data which are
based on the reference IPCC GWPs.

3. FENCH-GHG EMISSIONS FROM NUCLEAR POWER GENERATION

3.1. General

Literature values on emission factors from the whole nuclear energy chain, i.e. from the mining
of nuclear fuel to the plant's decommissioning and waste storage, range from 8-69 g CO2-
equiv./kW.h(e). This large range has various explanations [11]:

the energy mix for generation of electricity use for activities in the energy chain,

the technology for enrichment: gas-diffusion enrichment or centrifuge enrichment,

plant life time, and load factors,

country-specific assumptions concerning energy use for waste handling and mining/milling
activities.

From the point of view of their FENCH-GHG emissions the energy chains of light-water
reactors (LWRs) and pressurized heavy water reactors (PHWRs) are substantially different, the
main difference being the absence of enrichment and the site-specific energy requirements for
heavy-water production in case of PHWRs. There is no literature on FENCH-GHG emissions
from HWRs.

The experts participating in the earlier meeting on the nuclear fuel cycle made an analysis of the
direct and indirect emissions of greenhouse gases (GHGs) from the full nuclear energy chain [3].
The analysis was based on detailed discussions of the results of two studies on FENCH-GHG
emissions from light-water nuclear power generation, viz. the studies of Uchiyama [4] and Dones
[11], using process & input/output hybrid analysis and process analysis, respectively. The results
of these two studies, though differing in the analytical methods used, are in excellent agreement.
The FENCH-GHG emission factors are equal for the case of a once-through nuclear fuel cycle
with centrifuge enrichment and reprocessing, 8.90 ± 0.02 g CQ2-equiv./kW.h(e). Plutonium
recycling in Japan increases the emission factor only marginally to a value of 10.2 g CO2-



equiv./kW.h(e). A German (i/0 hybrid) study by Marheineke [11] has yielded a GHG emission
factor of ca. 18 g CO2-equiv./kW.h(e) with relatively high contributions from uranium mining and
preparation (5.9 g CO2-equiv./kW.h(e)) and power plant construction (7.3 g CO2-
equiv./kW.h(e)). Fritsche in a very recent study [17]has calculated a slightly higher emission
factor of 20 g CO2-equiv./kW.h(e) for the German nuclear fuel cycle assuming enrichment
electricity from nuclear power plants (37 g CO2-equiv./kW.h(e) for typical German nuclear power
generation).

TABLE H. CHARACTERISTICS OF THE NUCLEAR FUEL-CYCLES OF THE SWISS AND
JAPANESE STUDIES1

Uchiyama [11] Dones [11J

Type of reactor Boiling water reactor Pressurized water reactor

Electricity source 392 g CO2 equiv./kW.h(e) 520 g CO2-equiv./kW.h(e)
(Japanese grid, 1992) (European grid; diffusion

enrichment; nuclear power)

Capacity 1000 MW(e) gross output 940 MW(e) net output

Type of enrichment Gas diffusion/Centrifuge Gas diffusion/Centrifuge

Burn-up 30 000MWd/ton 40 000 MWd/lou

Life-time of installations 30 years 40 years

Load-factor 75% 70%

3.2. GHG emissions from the various FENCH links

The substantial contributions to the final FENCH-GHG emission factor of nuclear energy
are from: milling, conversion of lower-grade ore, enrichment, construction and operation of the
power plant, reprocessing (if relevant), and repository of intermediate-level waste (ILW), which
has a substantial but not major contribution in the Japanese study. Table III shows how the
different links of the nuclear power chain contribute to the ultimate GHG emission factors of a
few nuclear fuel cycles in different countries.

Gas-diffusion enrichment, assuming the use of substantially fossil-fueled electricity from
the Japanese grid, results in more than doubling of the total emission factor. Gas diffusion
enrichment using low-GHG electricity (e.g. from French PWRs) yields approximately the same
GHG emission as with centrifuge enrichment.

Electricity use, and possibly in some cases the use of CFCs for cooling, in gas-diffusion
enrichment are the main contributors from the enrichment step. Energy requirements for gas
diffusion are 30-50 times higher than for centrifuge enrichment. The origin of the electricity (often
from nuclear or hydropower plants) and the quality of the cooling system using the CFCs are of
direct importance for the magnitude of the contributions. Data on CFC releases stem from older
USA gas-diffusion plants, leading to a contribution of 2.7 g CO2 equiv./kW.h(e) for the present
GWPJOO and use of European electricity (Dones, in [11]). However, the greenhouse effect from

this CFC contribution becomes virtually zero if one reckons with the scientific evidence in support
of low, near unity, GWPs of CFCs. Moreover, the contribution will be negligible if CFCs in the
cooling system of gas diffusion plants are substituted by non-GHG alternatives.

See also Table III.



TABLE HI1. EMISSION FACTORS OF SELECTED LINKS OF THE FULL NUCLEAR
ENERGY CHAIN, in g CO2 equiv./kW.h(e)

Mining

Milling

Conversion

Enrichment

Fuel fabrication

Power plant: construction
and operation

Reprocessing

Intermediate depository

Final repository for
S/ILW

Final repository for
I/HLW

Total

Swiss study
once-through

chain UCPTE,
enrichment--

tnix1,
reprocessing,

no Pu use

0.39

1.41

1.45

1.003

0.09 .

3.04

1.19

0.03

0.09

0.19

8.88

Japanese study
once-through,

diffusion (D) or
centrifuge (C)

enrichment

0.25

included in
mining

1.083

13.98(D)
1.98(C)

0.13

4.497

-

0.24

-

0.76

20.92(D)
8.92(C)

Swiss study
once-through

chain UCPTE,
centrifuge,

reprocessing,
no Pu use

0.39

1.41

1.45

1.04

0.09

3.04

1.19

0.03

0.09

0.19

8.92

Japanese study
once-through,

diffusion (D) or
centrifuge (C),
reprocessing,

Pu use

0.18

included in
mining

0.92"

10.75(D)
1.52(C)

0.136

4.49«

1.61

-

1.18

0.15

19.41(D)
10.18(C)

Transportation of construction materials, fuels, etc. between the various links in he
nuclear energy chain has a negligible effect on the ultimate GHG emission factor.

Decommissioning of the various facilities has a small but noticeable contribution (ca. 0.07
g CO2-equiv./kW.h(e)) to the final FENCH-GHG emission factor, mainly from the power plant

1 Conversion of methane emissions into g CO2 equiv./kW.h(e) by means of the IPCC 1994 Global Wanning
Potential (GWP100): 24.5 g CO2 equivalent per g of CH«

1 90% gas-diffusion and 10% centrifuge enrichment

3 GHG emissions from LLW disposal (operation) are included

4 GHG emissions from LLW disposal (operation) are included

5 Emissions of CFCs considered to be negligible, assuming near unity GWP of CFCs and negligible CFC
release from modern installations.

6 Includes GHG emissions from MOX fuel fabrication

7 Includes decommissioning and total transport



and the reprocessing plant. High-level waste (HLW) and low-level waste (LLW) disposal do not
contribute significantly to the emission of GHGs.

3.3. Summary

GHG emissions from the whole chain of nuclear power generation are relatively low: the
once-through fuel cycle of light-water nuclear reactors produces electricity with a GHG emission
factor amounting to as low as 9 g CO2-equiv./kW.h(e). The main contributions of this common
reactor type come from the power plant construction, and its milling and conversion steps, and
also - if fossil-fuelled electricity is used for the diffusion process - from the uranium fuel
enrichment.

4. FENCH-GHG EMISSIONS FROM HYDROPOWER GENERATION

4.1. General

The hydropower chain gives rise to greenhouse gas emissions from the various links of its
energy chain, but it has a special feature concerning emissions from the water reservoirs.
Hydropower has the usual points of greenhouse gas emissions, such as those associated with
transportation, plant construction and storage of dismantling waste. Hydropower generation,
however, also releases greenhouse gases, mainly CO2 and CH4, from anaerobic degradation of
organic material that was flooded by the water reservoir. CH4, methane, is a powerful greenhouse
gas with a much higher infra-red trapping capability than CO2.

The GHG emission sources from the energy chain of hydropower generation are:

materials and energy use for hydropower plant construction,

the hydropower reservoir,

if carried out at the system level: GHG emissions associated with the generation the
backup electricity during periods of low hydropower supply. This mainly applies to run-
of-river plants.

The emissions related to construction and water reservoir are site-specific. In view of the
conditions for GHG release one should distinguish between [12]:

reservoir-type plants in cold-climate "northern flat areas", such as in Canada and Finland
(at northern latitudes higher than 48*),

reservoir-type plants in "humid tropical areas", such as in Brazil,

reservoir-type plants in "Alpine areas", which are at higher altitudes, such as in Austria
and Switzerland,

run-of-river type of plants.

4.2. The lifetime of hydropower installations

The use of a reference lifetime of 100 years has been recommended for hydropower
plants. The accumulated indirect GHG emissions from hydropower generation should be
normalized over 100 years even emissions of duration shorter than 100 years, e.g. the first
relatively high CO2/CH4 pulse after flooding. Comparisons using GHG emission data for time
windows shorter than the installation lifetime are not recommended. In view of the value



judgements underlying discounting in normalization, it is not recommend to apply such an
approach though this position contains also a value judgment.

4.2. Greenhouse gas emissions from hydropower plant construction

Sources of GHG emissions associated with the construction of hydropower plants are
related to the construction materials, concrete (mainly the cement) and steel, and with the energy
used for construction and transport, i.e. fuels and electricity.

Parameters of the plant of particular significance to the GHG emissions are:

the geomorphology of the reservoir,

the electrical capacity of the plant,

the composition of the dam: earth/rock and/or reinforced concrete.

TABLE IV. ESTIMATED GREENHOUSE GAS EMISSION FACTORS ASSOCIATED WITH
THE CONSTRUCTION OF HYDROPOWER PLANTS
(in g CO2 equiv./kW.h(e); life-time: 100 years)

Country/region Run-of river Reservoir
(concrete dam)

Reservoir
(earth-rock filled

dam)

Switzerland 2.9 (small)1

Germany

China3

Canada (Quebec) 0.9 (large)

6.22

11.24 (Annex I)

3.4 (large)
- 40.6 (small)

1.3(large) 1.2 (large, plateau)

The geomorphology of the water reservoir determines to a large extent the materials
required and the energy used for constructing the dam and eventual borders of the reservoir.
Typically "Northern flat area" and "humid tropical" dams are lengthy structures, whereas in
mountainous areas high and less lengthy dams prevail. Table IV illustrates the estimated indirect
GHG emissions associated with the use of materials and energy for the three different larger types
of hydropower plants: run-of-river, reservoir (concrete), and reservoir (earth-filled). Another key
parameter is the size of the plant. Small plants have relatively high GHG emission factors as
illustrated in Table IV by the higher emission factors for the small plants from China and
Germany.

A complete investigation of the hydropower supply system should include also the GHG
contributions from the often lengthy (1000 km or more) power lines connecting the hydropower
plant to the grid. This contribution to the total GHG emission factor of a hydropower generation
is low and amounts to ca. 1 g CO2-equiv./kW.h(e) for Canada. The formation of N2O and O3 due

1 Average of Swiss hydropower plants

2 Average of 52 major Swiss hydropower plants

3 Includes run-of-river and concrete and earth/rock -filled dams. More than 90% of installed hydro-capacity
is "concrete dam".
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to arcing at power lines is probably negligibly small.

4.3. GHG emissions from the hydropower reservoir

In order to obtain the net GHG emissions from a reservoir the GHG release rates before
and after flooding have to be known. This is seldom. Most of the information on reservoir
associated GHG emissions comes from measurements in "northern flat areas", Finland and
Quebec. There is no measurement data on the emissions for the three other plant categories:
reservoir-type in "humid tropical areas", reservoir-type in "Alpine areas" and run-of-river type of
plants.

"Northern flat areas" and "humid tropical areas" combine a relatively large energy specific
flooded area with substantial surface density of old and living biomass. Generally, Alpine
reservoirs are relatively deep and, if above 2000 meters, have relatively low biomass density.
Presumably, Alpine reservoirs will have low reservoir-related CO2 and CH4 emissions.

The main processes responsible for emissions from reservoirs are related to the size of the
"flooded area", and not the reservoir size. It is always smaller than the reservoir size at maximum
filling level. However, due to redistribution of material of the reservoir, measurements from the
entire reservoir are necessary. In some cases the periodically flooded areas could be an important
source of GHGs. Another important factor is whether the flooded area was forest (1 - 3 cm of
humus layer), peatland (more than 10 cm peat layer) or Alpine meadows (up to 5 cm of humus
layer). This affects the limnological properties of the reservoir as well as the resulting GHG
production. The tropical regions have higher temperatures than the northern flat areas and,
therefore, will tropical reservoirs have higher GHG release rates; similarly, the colder Alpine
reservoirs will have lower release rates.

The processes relevant for GHG formation during the operation of a hydropower reservoir
take place in three subsequent phases, depending on its geomorphological and hydrological
properties:

an "initial phase" of 1 - 3 years duration,

an "erosion phase" of 7 - 10 years duration,

a "balanced phase" of 10 - 30 years.

The insight has to be improved in the processes during these three phases in order to develop an
ecological model which can describe the carbon cycle from which the CO2 and CH4 are emitted.
Then predictions of GHG release rates, as well as cumulative emissions, reasonably can be made
based on pre-impoundment surveys of the areas to be flooded.

Measurement data on GHG release rates exist only for "northern flat area" reservoirs.
Measurements in Canada (Quebec), which were carried out 1-2 years and 14 -15 years after
flooding were surprisingly comparable. Release rates typically are 0.5 - 1 g CO2. m"2.d' and 5 -
10 mg CH4. m^.d'1 for the Canadian reservoirs [18].

4.4. GHG emissions due to removal of the vegetation which originally was a CO2 sink

Vegetation sequesters CO2 by photosynthesis. If land with vegetation becomes flooded,
this sequestering will be stopped. Such a negative sink should be considered as a CO2 source. Any
generic estimate of this contribution to the ultimate CO2 emission factor of hydropower is rather
uncertain. However, as an example one might assume an energy-specific flooded surface area of
10* m2/MW and a CO2 sequestering rate 200 g CO2.m'2.y' (arid grass land [19]). This would
result in a negative sink strength of ca. 20 g CO2-equiv./kW.h(e), which is a substantial



contribution. However, the biotic activity in the water reservoir has not been considered. This is a
rather complex system of CO2 sequestering and subsequent biodegradation. In view of the possibly
high indirect emission factors involved further investigations are required into this field of
negative sinks from flooding. A recent letter to the author by the IPCC chairman, Prof. Bert
Bolin, raises in general also the issue of this section [20].

4.5. GHG emissions from backup electricity generation

In case of extension of the FENCH analysis to the system level one should consider also
the backup electricity generation during period of low hydropower availability. Normally,
hydropower plants with a reservoir provide a high level of service and do not require backup
power generation to a large extent. However, the run-of-river plants show important natural
seasonal power production variations, which requires backup electricity generation and which is
foreseen in the national or regional energy planning. In some cases this backup electricity is
provided by reservoir hydropower plants with their relatively low emission factors. However,
some countries have insufficient low-CO2 power production capacity available for backup
generation. In such cases the GHG emission factor of run-of-river plants has to be increased with
a contribution from the relatively high GHG emissions associated with the backup electricity
which was imported or used from the domestic grid. In case of Austria this could amount to
several tens g CO2-equiv./kW.h(e).

5. SUMMARY

It is very difficult to derive, and it cannot be justified to use, one single total full-energy-
chain GHG emission factor for all hydropower systems. The emission factor for hydropower
depends on the type of plant, "reservoir" or "run-of-river", and on a number of region-specific
factors. It is important to distinguish between "Alpine reservoirs" (e.g. Switzerland), "humid
tropical reservoirs" (e.g. Brazil), "norther flat reservoirs" (e.g. Canada and Finland) which
probably have significantly different reservoir-associated GHG emissions.

The emissions of GHGs from the water reservoir of hydropower plants generally
dominate the total GHG emission factor of hydropower generation. Only in the cases of higher
altitude (Alpine) mountainous water reservoirs and of run-of-river hydropower generation could
the indirectly accounted GHG emissions, such as from the hardware of a plant, dominate the total
GHG emission factor.

Run-of-river plants can have increased total GHG emission factors (up to several 10 g
CO2-equiv./kW.h(e)), if backup electricity is required from grid electricity generated with
substantial fossil fuel contributions.

The indirect contributions from the construction of hydropower plants to the total GHG
emission factor vary substantially and are in the range of

0.4-3 g CO2-equiv./kW.h(e) for run-of-river plants,

10-40 g CO2-equiv./kW.h(e) for small "concrete dam" plants,

1-5 g CO2-equiv./kW.h(e) for large "concrete dam" plants,

0.1-1 g CO2-equiv./kW.h(e) for "earth/rock dam" plants.

Full-energy-chain GHG emission factors for hydropower generation from "northern flat
area" and "humid tropical" reservoirs are subject to large uncertainty. For tropical reservoirs
adequate data are lacking. For "northern flat area" reservoirs there are measurement data, though



limited. On the basis of the existing data for "northern flat area" reservoirs, the total emission
factor of these reservoirs is in the range of ca. 15 g CO2-equiv./kW.h(e) [21].
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FIG.l. Rate of worldwide carbon dioxide emission in Gtonnes ofCO2 per year showing the lower increase
rates associated with the economic crises of 1973, 1980 and 1990 (source: CDlAC-ORNL report Trends
'93). The dashed line is the 4-years normalized rate of change of the atmospheric CO} level (source: BP
Statistical Review of World Energy 1995). There is a remarkable coincidence of the irregularities in both
time series indicating a strong correlation. The relatively steep decline of the CO2 rate of change indicates
that another factor plays a role. One speculates increased CO} uptake by terrestrial biosphere in the
northern hemisphere or a temporary effect from the Pinatubo volcanic eruption in 1992.
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FIG 2 Per unit of electricity emitted greenhouse gases from different energy sources. The value of9g CO2

equiv /kW.h(e)for nuclear power generation applies to the West-European standard fuel cycle of pressurized
water reactors f3J, while the value of 18 g CO, equiv./kW.h(e) for hydropower generation applies to
northern cold-climate flat-area reservoir-type hydropower plants (4J. Both data are consensus values of
international expert meetings. The other values have been taken from literature and represent the ranges of
these values, not displaying the very extreme values. The large uncertainty in the fossil-fueled power
generation is due to different assumptions concerning system boundaries, methane releases (e.g. natural gas
leakages) and the methane GWP. The high emission factor for hydropower can be related to probably
unrealistic assumptions about GHG releases from the reservoirs. The uncertainties in the solar PV and wind
power data are probably due to different assumptions about system boundaries and site-specific factors, lite
higher ('sustainable') biomass data result from accounting for energy and fertilizer use in biomass
plantation and in one case from accounting for methane release from in-soil biomass degradation.
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Abstract

Fair comparison of the climate impacts from different energy sources can be made only by
accounting for the emissions of all relevant greenhouse gases (GHGs) from the full energy chain (FENCH)
of the energy sources. The scanty FENCH-GHG literature is reviewed. The literature data on FENCH
material and energy use for renewable, solar and wind power technologies are discussed. Some calculations
of FENCH-GHG emission factors are presented using basic literature data on the major energy and
materials fluxes associated with each link of the FENCH. GHGs considered are CO2, CH4, N2O, and CF4.
The FENCH CO2-equivalent emission factors of wind and solar power systems are in the range of 10-50
and 100-400 g CO2/kWh, resp. This is low compared to those of fossil fuels: 500-1200 g CO2/kWh.
Compared to the international-consensus emission factors of nuclear and hydropower (5-20 g COj/kWh),
those of modern wind power and solar-thermal power are somewhat higher: 10-50 and 20-200 g CO2/kWh,
resp. Solar PV has a ca. 10 times higher FENCH-GHG emission factor; however, advanced solar PV
systems are expected to have 5-10 times lower emission factors. Important inconsistences exist between
literature data on FENCH-GHG emission factors which require explanation. Land-use associated (negative
COj sink) contributions due to low photosynthesis under solar systems have been estimated, amounting to
ca. 20 and 11 g CCVkWb. for solar PV and solar thermal, resp. No information is available about
contributions associated with backup supply or storage systems.

1. GENERAL

The ratification, reached on 21 December 1993, of the Framework Convention on Climate
Change (FCCC) by more than 50 countries, has made FCCC to enter into force nationally and
internationally in March 1994. Nowadays more than 130 countries have ratified the FCCC. Each
of these signatory countries has committed to take measures "to achieve stabilization of
greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous
anthropogenic interference with the climate system and to enable economic development to
proceed in a sustainable manner" (FCCC, Article 2). This holistic approach means that sustainable
energy planning requires assessment of the emissions of all GHGs from the FENCH, with special
attention given to the developing countries in their making up their economic arrears. Therefore,
energy sources like renewable power technologies (and also nuclear and hydro electricity), which
commonly are considered to be free of greenhouse gas emissions, should be investigated
concerning their FENCH emissions of GHGs. Consequently, the developing countries, which are
expected to increase their power demand enormously in the coming decades, must give the
renewables (and also hydropower and nuclear power) a substantial share in their power
generation. Moreover, in order to avoid increased future global COj emissions, the industrialized
countries should increase their shares of these energies even more. The holistic character of the
FCCC obligations implies that in their energy planning each signatory country takes into account
all FENCH-GHG emissions, also those released outside its national borders. This paper does not
deal with the other aspects of renewable energies, such as cost competitiveness, security of
supply, safety and waste and other environmental problems.

2. COMPARATIVE ASSESSMENT OF FENCH-GHG EMISSIONS

Comparative assessment of FENCH-GHG emissions is a rather new activity and therefore
literature is scanty and also deals with the subject incompletely. Either literature does not deal



with all links of the energy chain, or it does not include material manufacturing associated GHG
emissions, or it deals with CO2 emissions only. Table I displays some of the results of the
literature review.

CO2 is the major GHG and energy use is the major source of it. The CO2 emissions from
the combustion step of fossil fuels dominate their FENCH emission. Literature values on fossil
fuels are in the range of 1000; 700; and 500 g CCykWh for coal, oil and natural gas, resp.
However, accounting for fuel production and transportation associated CH4 releases increases the
CO2 emission factors, e.g. for natural gas to ca. 1200 g COy-equiv/kWh [1]. Part of the
discrepancies are due to lack of consensus on real Global Warming Potentials (GWPs) such as of
CH4; relatively high GWP values of 50-60 were used for calculation of the (two) highest emission
factors for natural gas in Table I.

TABLE I. FENCH-GHG EMISSION FACTORS OF POWER GENERATION FROM FOSSIL
FUELS, AND OF RENEWABLE, NUCLEAR AND HYDROPOWER
(in g CO2-equiv./kW.h(e)).

Hard Oil Natural Hydro Nuclear Wind Solar PV Solar Solar
Coal gas tower cyl.
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-

-

772

453

484

538

542

1234

18

-

-

4

-

10

-

-

-

27

33

19

8-24

28

7.8

25

54

-

120,
74

-

16

-

11

7.4

-

15

-

57-123

-

279

141-257
81-180

228

5.4

-

32

-

The emission factors of hydropower and nuclear power vary within ranges of 4-18 and 8-
54 g CO2-equiv./kW.h(e), resp. International consensus exists on the emission factors for northern
flat-area reservoir-type hydropower plants [9], viz. 15 g CO2-equiv./kW.h(e), and for once-
through fuel-cycle light-water nuclear power technology [10], viz. 8.9 g COj-equiv./kW.hfc). The
(Swiss) low emission factor for hydropower applies to the higher-altitude Alpine reservoir-type of
hydropower plants which have only low emission factors of 4 g CO2-equiv./kW.h(e) [9]. The
differences in the nuclear emission factors are mainly due to different country-specific factors such
as the electricity used for fuel enrichment [10].

The emission factors of the solar and wind power technologies will be discussed below.
Table I shows that some of the emission factors for wind power are not far off from those for
nuclear and hydropower which are relatively low figures. However, the solar power technologies
generally have much higher emission factors and are intermediate between those for the fossil
fuels and those for nuclear and hydropower.
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2.1. Intermittent renewable power technologies

Solar and wind power technologies are sources of widely available, though intermittent
electricity. They have a relatively low efficiency which is an almost eternal source and therefore
from an energy resource point of view is not really a problem. A low efficiency, however, causes
a higher emission factor because of the higher material usage, land-use, construction activities,
etc. per unit of energy output. The exposures to wind and solar radiation both are site-specific and
depend on climate and weather. Installed capacity has to be translated into time-averaged power
output using load factors which have uncertainty inherent to the natural variability of the exposure
and due to its site-specific character.

There are some technical differences in wind power technologies but likely the related
GHG emissions are not sensitive to these differences.

There are different types of solar power technologies, such as solar photovoltaic (PV),
roof-top and solar tower, and solar thermal power systems such as central receiver and parabolic
trough or cylindrical collector.

In all grid-connected cases, solar and wind power technologies require a backup power
supply for low-output periods. Such backup could be a peak-load technology which generally is a
fossil-fueled power generator or, in some areas, reservoir-type hydropower generation. The
alternative is backup electricity generation from electricity storage, e.g. in batteries,
superconducting systems, or (pressure or potential) pumping systems. Such backup supply systems
should be considered an integral part of the intermittent renewable power technology, and
therefore the greenhouse gas emissions have to be accounted for in the total emission factor of
such technologies. Literature on storage backup mainly deals with the costs.

The electrotechnical convenor installations, concerning the frequency and voltage,
required for feeding renewable power into the grid are an integral part of a renewable power
technology and should also be accounted for in a FENCH-GHG analysis. The same applies to the
extensive power lines required for solar power plants in remote areas.

3. ENERGY DENSITY AND LAND-USE

3.1. Wind power

The energy density of wind is rather small: in coastal areas ca. 250 W(e).m'2. The land
surface-area-specific installed capacity is 1-5 MW(e).km"2 [11],[12] in locations with an apropriate
wind regime. According to Curvers [13] the land use for wide-spacing and compact-spacing wind
parks is 0.2 and 0.1 km2 per MW(e) installed capacity, resp. A study [14] on the wind electricity
potential for OECD-Europe assumes a technical potential of 8.3 MW(e) per km2 for areas with
wind speeds larger than 5.1 m.s'1, which for an average capacity factor of 23% leads to ca. 2
MW.h(e).y' output for an installed capacity of 1 kW.(e). This is in accordance with a rule of
thumb for wind power production in W-Europe, viz. 1 MW(e) installed capacity produces
maximum ca. 2 GW.h(e) per year [15]. Therefore, a windpower park could produce an average
accumulated electricity of ca. 2 MW.h(e).m'2 during its lifetime of 20 years. The actual land use
for wind turbines, roads, and buildings, is only 1-2% of the wind park area [16], which land
cannot be used for other purposes than wind power generation. The land use for 1 kW.h(e) wind
power generation in 20 years should be 5 x 10~3 m2.

3.2. Solar power

Also the energy density of solar radiation is rather small. The mean annual radiation in
Europe is ca. 1 MW.h(e).m"2.yl [14], or 114 W(e).m"2. One can interpret the data on the solar PV
[14] such that these systems could produce annually ca. 130 kW.h(e).m'2. The actual land-use of
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roof-top solar PV systems can be neglected. The land use for 1 kW.h(e) of not on-roof solar PV
power generation in 20 years should be 3.7 x \Q* m2. For the other solar power technologies one
can derive a similar figure of ca. 1.5 x 10"4 m2 for 1 kW.h(e) power generation in 20 years (see
section 5.2.2.3).

4. WIND POWER GENERATION

4.1. Wind power, general

Of the intermittent power technologies, wind power is worldwide the largest contributor
nowadays. This is largely due to state incentives concerning taxation and power purchase contracts
which has invoked strong performance improvements and has overcome many initial poor
reliability problems. Generally availability is now around 90%. The worldwide installed capacity
was ca. 4 GV/(e) in 1992 which has grown since 1980 annually at a rate of 100%.
Technologically, wind power is an almost mature power technology.

Penetration of wind power in some W-European countries is limited by siting and
environmental factors. In these countries one might expect further penetration by renewable power
technologies to be mainly by solar and biomass power generating technologies. Fig.l represents
the penetration since 1965 of wind power in the European Union and allows comparison with the
development of other power generating technologies. Wind power has grown almost exponentially
with a doubling time of ca. 2 years; it increased 50 times during 1980 - 1990.

4.2. The emission factor of wind power generation

A recent European study ExternE [17], which focussed on estimating externalities,
provides data on a 400 kW wind turbine, assuming 20 years lifetime and a load factor of 0.3.
Only CO2 from energy use only was accounted for. The CO2 emission factor applied for
electricity use is exceptionally high: 833 g-C/kW.h(e).

Yasukawa [3] has analyzed a wind turbine of 1 MW with a lifetime of 20 years and a load
factor of 0.28. The wind speed is assumed to be 13 m.s'1. The Japanese studies [2] and
[3]probably both use a similar analytical program which is a hybrid of input/output and process
analysis (for a similar set of energy technologies). The energy use for manufacturing,
construction, operation and decommissioning of the facilities in the whole energy chain are
analyzed by the former method and process analysis is used for the very complex energy use for
manufacturing of equipment and machinery.

Uchiyama's extensive, and regularly improved and updated, research ([2] and [19]) also
uses a hybrid-type amalysis similar to that above described for Yasukawa. Uchiyama has
investigated some 15 different energy technologies: fossil-fueled, nuclear, hydro, and the various
renewable power generators: solar, ocean, and geothermal power plants. A wind turbine of 110
kW of 20 years life-time with 0.315 efficiency and a capacity factor of 0.35 (net power
generation: 276 MW.h(e).y') was analyzed.

Lewin [4] has used process analysis, extended with I/O analysis only for some materials.
The investigations dealt with nuclear, coal, lignite, solar PV and wind power plants. A wind
turbine of 300 kW with 20 years life-time, 0.38 efficiency, and 2000 hours production per year
was analyzed.

The University of Zurich, Switzerland, collaborates with the Paul Scherrer Institute (e.g.
[1]), Villigen, Switzerland in life-cycle analysis of a large number of energy technologies. Process
analysis is used. Wind power is not investigated extensively. Solar PV is analyzed extensively.
The data on wind power concern a turbine of 30 kW.



IP
Grum-Schwensen [20], Denmark, has carried out analysis of the energy use for a 95 kW

turbine of 20 years lifetime and 0.2S efficiency. A useful and complete list of all materials and
energy use is given. Van de Vate has derived a GHG emission factor from these basic data, using
his average values for GHG contents from energy and materials.

Marheineke, from the Institute for Energy Economy and Rational Energy Use IER,
University of Stuttgart, Germany, has analyzed various energy technologies in terms of their GHG
emissions per unit of electricity produced [21]. An I/OProcess hybrid analysis method is used.
GHG emission factors are given for a wind turbine of 20 years lifetime exposed to three different
average wind speeds 4.5-6.5 m.s1.

Table II gives an overview of the above mentioned literature. The range is more than one
order magnitude: 11-123 g CO2-equiv./kW.h(e), with the results of Uchiyama [19] and that of
Lewin [4], viz. 95 and 123 g CO2-equiv./kW.h(e) respectively, as the extremes.

Reviewing this literature, for the purpose of understanding the different emission factor
results, a major problem is the common aggregation of categories of flows at different stages of
the analysis. For example, the Japanese studies [2],[3] aggregate the energy contents of the
materials used for the various links in the chain into full-chain uses of different energy carriers
(coal, oil, gas, electricity) for the materials. The Japanese studies are I/O energy analyses
primarily. Others, e.g. Lewin [4], aggregate the amounts of different materials in full-chain
categories. The lack of transparency of the I/O method hampers the understanding of the different
emission factors of the Japanese studies. Obvious errors in Yasukawa's publication [3], such as
exceptionally high CO2 emissions (1000 times higher than for a turbine which is 10 times larger
than Uchiyama's turbine under investigation) make further investigation of the Japanese results
useless. The explanation for the different results, 44 and 95-123 g CO2-equiv./kW.h(e), has to
await further information.

TABLE II. OVERVIEW OF LITERATURE ON GREENHOUSE GAS EMISSION FACTORS
OF WIND TURBINES.

ExtemE [17]

Yasukawa (3]

Lewin [4]

Frilsche [7]

Univ. Zurich [18]

Uchiyama [2]

Uchiyimi[19]

Grum-Schwensen/
Van de Vate [20]

Friedrich, Mirheinelce [21]

Wind turbine data

400 kW; 20 yn;
load factor 0.3

1 MW; 20 yr«;
plant factor 0.28

300 kW; 20 yn;
2000 houn/yr
efficiency 0.38

500 kW; 100 yn

30 kW

100 kW; 276 MWh/y;
efficiency 0.315

100 kW;
capacity factor 0.2

95 kW; 20 yn;
capacity factor 0.2

?kW; 20 yean; wind 5.5 m/s

Emission factor
g CO,-equiv./kW.h(e)

33

44

11 (standard)
[7, for a concrete tower]

18

33
(16-58)

95

123

14

19

Miscellaneous

only CO,;
materials & energy

electricity: 3(!) kg/kW.h(e)

materials & energy

materials (detailed ) & energy

materials & energy

materials & energy

materials (detailed) St energy

materials & energy

materials (detailed) A. energy

materials & energy

Altogether, awaiting further understanding of the extreme values of Uchiyama, there seem
to be two groups of results, which are in reasonable accordance internally: 11-19 g
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equiv./kW.h(e) [4],[7],[20],[21] and 33-44 g CO2-equiv./kW.h(e) [17],[3],[18]. There is no
obvious explanation for this grouping of results.

4.3. Material and energy use for wind power generation

In order to understand the differences in results between the various studies one might
make use of the details given in some of the publications. Material and energy use for the
different activities and installations in the full chain of wind technology, is most adequate. Only in
three cases literature provides insight into the materials and energy use (Table III) which insight
unfortunately is aggregated for the full chain. There are some differences which, however, seem
rather irrelevant in view of the small range of the emission factors. The very limited information
on materials use in Uchiyama's report does not provide a clue for his high emission factor.

TABLE m. MATERIALS USE FOR GENERATING WIND POWER

Steel

Concrete
Cement

Copper

Aluminum

Clan

Plastics

Emission factor
g CO, equiv./kW.h(e)

Lewin

(300 kW)

tons

44.8

54

0.81

0.03

-

4.4

11

Frilsche

(500 kW)

tons

50

300

-

-

-

7.5

18

Uchiyama

(100 kW)

tons

-

so
-
-
-
-

95

Grum-
Schwensen
(100 kW)

tons

11.3

6.7

0.8

5.4

0.64

0.26

13.7

Table IV, which was taken from Uchiyama's report [2], allows insight in the energy use
at various activities of the wind power chain. Clearly, the major part (82%) of the CO? emissions
from the whole chain is associated with the materials used for the wind power plant. As remarked
above, Uchiyama's report, which is in Japanese, is not transparent enough to explain why the
emission factor which is so high. One cannot infer from this table whether Uchiyama's relatively
high figure for the materials-related CO2 emissions causes the high emission factor. It is, however,
not unlikely that the explanation will be found in the calculation of the material-related emission.

TABLE IV. USE OF VARIOUS ENERGY CARRIERS IN ACTIVITIES OF THE FULL-
ENERGY-CHAIN OF WIND POWER [2]

nwmuerah

smifeciuriDc

omuuokn

tnmpoctation

(oul

0 * M

electricity
MWh

97

73

1

0

175

4

electricity
t-c

10.3

1.3

0.1

0

11.7

0.4

CM]

Otml

394

1

14

0

609

-

col
i-C

61.4

0.1

1J

0

63

1.2

oil
Ga l

13

15

23

69

192

2

oil
t-c

6.7

1.2

2

5.6

15.4

0.2

cement
torn

30

-

30

cement
t-c

10.7

0

0

0

10.7

0

(oul
Ccml

194

190

42

6*

1195

22

loul
t-c

(9.2

9.6

3.6

5.6

107.9

I J

loul

rco,
327.07

33.20

1J.X

20-53

393.63

6.60

*

t2

*

3

5

100

-

4.4. Land use related CO, emission from wind power production

As shown above the land use for 1 kW.h(e) wind power generation in 20 years amounts to
ca. 5 x 10*5 m2. For an arid area annually ca. 3700 g CO2 is sequestered per m2 of vegetation



ft
[22]. As a consequence a wind power park would remove a sink of ca. 4 g CO2-equiv./kW.h(e)
which is a source term in the total emission factor of wind power generation. As a contribution to
the total emission factor of the plant which could be around 20 g CO2-equiv./kW.h(e), this is not
negligible.

5. SOLAR POWER GENERATION

5.1. Solar power, general

One should distinguish between two different solar power technologies: direct and indirect
power generators. Solar photovoltaic (PV) power generation produces electricity directly from
solar radiation, whereas solar thermal power systems produce electricity indirectly, viz. from
concentrated sunlight which was converted into heat.

Solar PV has been used already for a long time but mainly for remote applications.
Nowadays, the main application is in roof-top power systems. Global annual solar PV production
is ca. 200 GW.h(e) from some 200 MWp installed capacity. About 50 MW(e) of solar PV
systems are installed annually [23]. Silicon is the usual photovoltaic active material. Therefore,
most FENCH-GHG studies of solar PV systems have focussed on silicon. Silicon panels require
regular cleaning (in particular after desert-dust laden precipitation [24] which lowers the
efficiency, or after snowfall). Well-encapsulated silicon cells have long-term stability. A more
recent development is the large-scale production of solar PV electricity from a large park of PV
panels. A 3.3 MW(e) silicon PV power station in S-Italy generates ca. 5 GW.h(e) annually, which
is about 10% of the grid-connected power worldwide [25]. An even larger 100 MW(e) solar PV
plant is under construction in Nevada, USA [26]. Since, apart from the remote applications, solar
PV generation is not yet a mature technology, relatively much attention is given to the costs and
also the material and energy use of advanced solar PV. The materials requirements are relatively
high for solar PV systems. Grid-connected PV systems consist of the photovoltaic semiconductor
modules, their weather protecting frames, the cables, and electrotechnical equipment. The output
per kWp from a solar PV panel is ca. 5 kW(e) at moderate latitudes and ca. 15 kW(e).

Solar thermal power plants concentrate sunlight and convert it into heat at higher
temperatures, which in turn is used to produce electricity. According to Vant-Hull [27], the heat
generated can be stored easily and without much loss; however, the system is rather material
intensive, see below. An 80 MW(e) "central receiver" solar thermal power plant is in operation in
USA since 1989 [27] and a Solar Two and a refurbished Solar One (of the same type but 100 and
10 MW(e) resp.) will be in operation soon [27]. The Solar power stations use molten salt as the
heat storage and transport fluid for the receiver and storage units. Other systems are parabolic
trough or dish generators of different designs, all concentrating solar energy for heating a fluid to
temperatures of ca. 500 *C. All types of solar thermal power plants have been demonstrated in
industrial-like settings [28]. Cogeneration of heat and power is a natural possibility. Such systems
should, however, not be part of a comparative assessment of energy technologies! 1].

5.2. The emission factors of solar power generating technologies

5.2.7. Solar PV power generation

5.2.1.1. Solar PV: emission factors

Table V reviews most of the solar PV FENCH-GHG emission factor literature. Most of
the emission factors are in the range 100-300 g CO2-equiv./kW.h(e). Most of the lower values,
20-50 g CO2-equiv./kW.h(e), are from advanced solar PV systems and assuming large-scale
production. Unexplainedly outlying are the emission factors of the Meridian Corp. study [29],
which is extremely low, and that of Uchiyama [19] on the"state-of-the-art roof-top" PV system.
One might infer that a FENCH-GHG emission factor of 200 ± 100 g CO2-equiv./kW.h(e) is a



reasonable figure for the nowadays, not yet mature, solar PV power technology. After a few
decades the FENCH-GHG emission factor of this technology might be 5-10 times lower.

TABLE V. OVERVIEW OF LITERATURE ON GREENHOUSE GAS EMISSION FACTORS
OF SOLAR PV GENERATION

Solar PV data
(silicon)

Emission factor
g CQ,-equiv./kW.h(e)

Miscellaneous

Uchiyatna, el al [1]

Friedrich,

Marheineke [1]

Done*, esal[l] "

Uchiyama [2]

Uchiyama [19]

Maiheineke [21]

Uwin [4]

Dones [10]

Meridian Coip. [29]

Hynei [30]

30 yrs; 1 MW; polyccyst.

25 yrs; 25 kW; polycryst.

3 kWp; 30 yrs; 1992 (1995)

20 yn; 1 MW plant;
cap. factor 0.15

3 kWp; roof; 15% cap. factor
5 MW; tower, 30% cap. Actor

300 fim polycryst.; roof; 20% eff.
150 iaa polycryat.; roof; 20% eff.

amorphous; roof; 12.6% eff.

monocrysulline
polycrystalline

amorphous

20 yn; 300 kW; monocryst.;0.14
20 yrs; 300 kW; polycryst.;0.12
20 yrs; 300 kW; amoiphous;0.06

3kWp;
150 /an monocryst.; 0.18 effic.
0.5 itm amorphous; 0.1 eflic.

polycrystalline
500 kW monocryst. Si plant
100 kW polycryst. Si plant

Crystalline; small-scale; 20 yrs
Crystalline; large-scale; 30 yrs
Polycryst.; small-scale; 20 yrs
Polycryst.; large-scale; 30 yrs
Thin-film; small-Kale; 20 yrs
Thin-film; large-scale; 30 yrs

Thin-film polycryst.;
small-scale; 20 yrs

Thin-film polycryst.;
large-scale; 30 yrs

Multi-junction (2020);
large-scale; 30 yrs

123 materials & energy

279
141-257; (81-180)

235

59
126
37
29
29

313
293
261

-
228

-

80-201
132-256

28
163
226
5.35

400
150

materials A energy
materials & energy all GHOs

materials & energy

conventional
conventional

advanced
advanced
advanced

materials & energy
(20 years GHG-

time horizon)

materials & energy
materials & energy
materials & energy

Swiss conditions
materials St energy
materials & energy

advanced: 2020-2030
•PHALK"

•SSW"

Only module production
related CO, release

400
100
130
50

100

40

24

TABLE VI. MATERIAL

steel
Al
Cu
concrete
glass
plastics
Si

Total

Transportation (oil)

Decommissioning
oil
power

Total (t COJ

g CO,-equiv./kW.h(e)

AND ENERGY USE

Monocrystalline silicon

mass
(0
63
3
4

296
47
3
8

CO,
(0
189
60
20
44
56
18

1448

183S

12

10
5

1862

408

prim.energy
MW.h(th)

454
171
106
83
211
61

5172

6260

48

38
6.5

FOR A 300 kWp SOLAR POWER

Polycrystalline silicon

mass
(0
86

0.03
4.9
358
47
3.3
9.2

CO,
(0
258

1
25
54
56
20

1665

2079

12

10
5

2106

461

pnm.energy
MW.h(th)

616
1.7
126
100
211
62

5143

6260

48

38
6.5

SYSTEM [4]

Amorphous silicon

mass
(0
123

0.03
7.8
576
75
2.8
-

CO,
(0

369
1

39
86
90
17
0

602

12

10
5

629

137

prim.energy
MW.h(th)

89
1.7
202
161
338
52

2354

3995

48

38
6.5



The basics of the studies by Uchiyama, Friedrich & Marheineke, Dones, and Lewin
represented in Table V have been described above in the sections on wind power. The information
from the studies by the Meridian Corporation and from Hynes et al were quoted from reports
which do not provide additional information.

5.2.1.2. Solar PV: material and energy use

Literature on the detailed use of materials and energy for the full chain of solar PV is very
rare. E.g. Table VI gives an impression of the materials and energy carriers required for the three
basic types of silicon solar PV systems as given in Lewin's thesis [4]. The CO2 emissions for the
three different 300 kW(e) systems were calculated using the CO, emission factors for materials
and for worldwide power generation given in the general paper of the author to this meeting. The
main contribution to the total emission factor is from the use of, the highly GHG intensive, silicon
as photoelectric material. Therefore, the amorphous-Si PV, which has almost no material in the 5-
10 nm Si film, has a much lower emission factor. The CO2 emission factor for silicon was
assumed to be 181 g CO2/g Si, which is higher than that assumed by Lewin: 108 g CCVg Si. This
difference explains to a large extent the different solar PV emission factors for polycrystalline
silicon PV obtained by Lewin and the author, 228 and 461 g CQ,-equiv./kW.h(e), resp. It is
disappointing to discover that there is so little information in literature on materials and energy
use for solar PV systems. Surprisingly, not even the "blue book" on renewable energy [31],
which contains several chapters on solar PV, does not contain such information. In his 1991
publication, which unfortunately is in Japanese, Uchiyama gives details of the energy content of
the various activities in the FENCH of a 1 MW(e) solar PV power plant [2]. Of the total CO2

emission of ca. 5600 tons from this station 80%, i.e. ca. 4500 tons of CO2, is related to "raw
materials", whereas manufacturing, construction and transportation account for 767; 190; and 71
tons of CO2. The high emission factors by Uchiyama cannot be understood due to inadequate
aggregation of data during analysis and due to the use of the I/O method.

5.2.1.3. Land use related CO2 emission from solar PV power production

As shown above, the land use for 1 kW.h(e) solar PV power generation in 20 years
amounts to ca. 3.7 x lfr4 m2. For an arid area annually ca. 3700 g CO? is sequestered per m2 of
vegetation [22]. As a consequence a solar PV power park would remove a sink of ca. 27 g CO2-
equiv./kW.h(e) which is actually is a source of CO2 and a substantial contribution to the total
emission factor of solar PV power generation.

5.2.2. Solar thermal power

5.2.2.1. Solar thermal power: emission factors

Only a few studies on FENCH-GHG emission factors for solar thermal power plants can
be found in literature. Table VII reviews these emission factors. The Solar Two plant, which was
analyzed extensively by Vant-Hull [27], is a central-receiver solar plant using molten salt as the
working fluid. As mentioned above, the report by Uchiyama does not provide adequate insight in
how his emission factors have been calculated. The higher emission factors found by Uchiyama
(392 and 275 g COj-equiv./kW.h(e) for 5 MW(e) cylindrical concentrator-type and central
receiver-type power plants, resp.) probably are due to the much lower plant capacities than that of
the Solar Two plant (100 MW(e)); also the longer installation life-time and higher capacity factor
assumed by Vant-Hull will have contributed to the difference. The extremely high emission factor
reported by Vant-Hull in his earlier publication likely is in error. Using Vant-Hull's emission
factors material one calculates a total emission of 108 tons of CO2, whereas this author's average
emission factors for materials result in a higher emission of 154 tons of CO2.



TABLE VII. LITERATURE ON SOLAR THERMAL POWER PLANTS

Vant-Hull [27]

Vant-Hull [32]

Uchiyama [2]

Uchiyama [2]

Solar thermal
power data

100 MW(e); 30 yrs;
0.38 cap. factor

100 MW(e); 30 yrs;
0.38 cap. factor

5 MW(e); 20 yrs;
0.3 cap. factor

5 MW(e); 20 yrs;
0.3 cap. factor

Emission factor
g COjequiv./kW.h(e)

23 (20 yrs)
15.5 (30 yrs)

810

392

275

Total COj
(tons)

108 (154)

108

93

69

Miscellaneous

Solar Two

Solar Two

Cyl. concentrator

Central receiver

5.2.2.2. Solar thermal power: material and energy use

Like solar PV systems, solar thermal power plants are very material intensive. Table Vm
represents the data given by Vant-Hull [27] on the 100 MW(e) molten salt Solar Two power plant.
Using the average values on material GHG elision factors in the general paper of the author, one
obtains the CO2 emission from the various materials as represented in the lowest row of Table
VIII. The salt energy content is 3.03 MW.h(th) per ton [27] and the energy use for transportation
and manufacturing is 75 585 MW.h(th). Assuming oil (75 Tg COj per EJ) to be representative for
the fuel use, 34 000 tons of CO2 will be released from these two sources. Totally, the plant will
release some 154 x 10' g CO2 which for 20 years of operation (330 GW.h(e).y"') implies a GHG
emission factor of 23 g CO2-equiv./kW.h(e). The main contributions are from the materials: in
particular steel (62%), but also from concrete (11%) and molten salt (8%). From energy use for
transportation and manufacturing only 13% is released. Vant-Hull, in an earlier paper [32],
reports 270 kg CO2 per MW.h(th) which implies an unlikely high emission factor of ca. 800 g
COj per kW.h(e).

TABLE VIII. MATERIAL AND ENERGY USE FOR A 100 MW(e) SOLAR THERMAL
POWER PLANT [27]. Materials in tons; energy in MW.h(th); heliostat and wiring in kg.m"2 or
kWh(th).m2

HeliosUI
and wiring

Heliostat field
(0.874 km2)

Tower,
foundation

Receiver

Salt transport

Thermal storage

Steam generator

Turbine plant

Total

tons COj-equiv.
emission

Al

0.13

99

-

3.8

-

1.1

-

104

1560

Cu

0.33

292

-
-

0.9

-

0.3

-

293.2

1466

Oil,
plastics

0.86

749

-
-

-

-

-

-

749

2996

Slainl.
steel

3.27

2856

-
109
35

364

43

-

3407

23 849

Carbon
steel

24.3

21272

890

849

113

602

200

227

24 153

72 459

Concrete

104.5

91330

21480

-

206
810
809
45

114 680

17 202

Fiber
glass

-

-

-

49

13

373

11

-

446

669

Molten
salt

-

-

-

224

-

16000

-

-

16 224

13 273

Energy for
transport and

manufacturing

67.3

58805

11130

1650

359
2520

771
350

75 585

20 412

5.2.2.3. Land use related CO2 emission from solar thermal power production

Usually, solar thermal power plants are located in remote, low cloud-cover, areas, which
are arid. The land use is ca. 1.5 x 10"* m2 for 1 kW.h(e) power generation in 20 years for the
Solar Two plant. This is comparable to that for solar PV. Similar to solar PV one can derive from



this a land use related C02 removal by the vegetation in the field prior to the installation of Solar
Two. This implies a contribution from this negative CO2 sink amounting to 11 g CO2-
equiv./kW.h(e).This is a substantial contribution to the total emission factor of solar thermal
power generation.

6. SUMMARY AND CONCLUSIONS

Sustainable energy planning has to account for all greenhouse gas (GHG) emissions from
each link of the full-energy chain (FENCH) of also for the renewable energy sources such as wind
and solar power.

The literature on FENCH-GHG emission factors shows a wide range of values for wind
and solar power: 10-50 and 100-400 g CO2-equiv./kW.h(e), resp.

There is no literature on GHG emissions from the use of a power storage system or
backup electricity, and also no basic data (use of materials and energy) which can be used for
assessment of such emissions.

6.1. Wind power generation

One can distinguish two groups of wind power FENCH-GHG emission factors: 11-19 and
33-44 g CO2-equiv./kW.h(e), resp. The Japanese results on wind power are considerably higher:
95-123 g CO2-equiv./kW.h(e), which can be explained by the much higher estimates of materials
use related GHG emissions. Materials use related emissions contribute strongly to the ultimate
FENCH-GHG emission factor for wind power generation.

The land-use for wind power, solar PV and solar thermal power amounts to ca. 5 x 10*5;
3.7 x 10"4; and 1.5 x 10"4 m2 per kW.h(e) of power generation during a 20 years period. This
leads to a contribution of 4; 27; and 11 g COVequiv./kW.h(e) for these renewable power
generators, resp. to their ultimate FENCH-GHG emission factors.

There is no literature on the GHG contributions from backup electricity supply or from
storage systems.

6.2. Solar PV power generation

A FENCH-GHG emission factor of 200 + 100 g COj-equiv./kW.h(e) is a reasonable
figure for the present, not yet mature, solar PV system. The main contribution to the emission
factor is from the use of silicon. Advanced solar PV might have an emission factor of ca. 30 g
CO2-equiv./kW.h(e).

The land-use for solar PV power generation amounts to ca. 3.7 x 10"4 m2 per kW.h(e) of
power generation during a 20 years period. This leads to a contribution of 27 g COj-
equiv./kW.h(e) for solar PV power generator to its ultimate FENCH-GHG emission factor.

63. Solar thermal power generation

The FENCH-GHG emission factor for solar thermal power generation depends strongly on
the annual power generation which in turn depends on the installed capacity. 5 MW(e) or 100
MW(e) plants have an emission factor of ca. 20 or 300-400 g CO2-equiv./kW.h(e). The main
contribution is from the use of materials, especially steel (ca. 60%) for the heliostat field.

The land-use for solar thermal power generation amounts to ca. 1.5 x 10"4 m2 per kW.h(e)
of power generation during a 20 years period. This leads to a contribution of 11 g CO5-
equiv./kW.h(e) for solar thermal power generator to its ultimate FENCH-GHG emission factor.
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ACTIVITIES
• PAST contributions from different energy sources to the

emissions/avoidance of GHGs finished, updatec

• PRESENT GHG emissions from the whole energy chain of different
energy sources ongoing

• FUTURE role of different energy sources in lowering GHG emissions
phase 0
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Agenda of IAEA Advisory Group Meetings (AGMs) and
WbrkshopsT including an IPCC/IAEA Workshop, on
Greenhouse Gas Emission Factors for Different Energy
Chains

4-7 October 1994, Beijing, China, AGMMtorkshop on Full-Energy-Chain
Assessment of Greenhouse Gas Emission Factors for Nuclear and
Other Energy Sources

26-28 September 1995, Vienna, Austria, AGM on Assessment of Greenhouse
Gases from the Full Energy Chain for Nuclear Power and Other
Energy Sources

12-14 March 1996, Montreal, Canada, AGM on Assessment of Greenhouse
Gases from the Full Energy Chain for Hydro Power, Nuclear Power
and Other Energy Sources

October 1996, Location ?, AGM on Assessment of Greenhouse Gases from the
Full Energy Chain for Solar Power and VMnd Power

Spring 1997, Location ? AGM on Assessment of Greenhouse Gases from the
Full Energy Chain for Electricity Generation from Biomass

Fall 1997, Location ? AGM on Assessment of Greenhouse Gases from the
Full Energy Chain for Fossil-fuelled Power

December 1997/ January 1998, Location ? IPCC/IAEA Workshop on
Assessment of Greenhouse Gases from the Full Energy Chain for
Different Energy Sources
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IAEA International Expert Meeting
on Full-Energy-Chain Greenhouse Gas Emissions from Solar

and Wind Power Generation
Findings and Recommendations

from the Internationa! Expert Meeting
on Comparative FENCH-GHG Emission Assessment

' in comparing technologies that have more than one type of service
(such as producing more than one form of energy), the comparison
should be made with systems that provide ihe same range of output and
comparison should be carried out further to the end-use;

For reasons of comparability one should limit FENCH-GHG analysis,
e.g. of the renewable power technologies, to electricity generating
technologies;

Technologies that require storage or support, should be compared only
integrated in a system;

Process analysis is the most adequate method for FENCH analysis.
Where necessary and practical, input/output analysis could complement
process analysis, in particular for extending analysis outside the
boundaries of a process analysis.

In comparing FENCH-GHG emissions one should account for emissions
of all greenhouse gases, e.g. also methane and nitrous oxide is
recommended to use the GWPs as recommended by the 1PCC. The
analysis should reported transparent in order to allow a sensitivity using
different GWP values

JVFW1696
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FULL ENERGY CHAIN C02 EQUIVALENT EMISSION FACTORS
FOR DIFFERENT ENERGY SOURCES

CO2 equivalents per kW.h(e)

gas hydro omass
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Fuii-Energy-Chain Greenhouse Gas
Emission Factors

there are few full-energy-chain greenhouse
gas emission studies. These are of low
accessibility and limited comparability

the scatter in literature values for individual
energy sources is due to the use of different
methods and data bases, and different
definitions of the energy system. Emission
factors depend very much on whether and
how methane emissions are dealt with

emission factor ranges are :
-fossil fuels: 700-1200 g CO2-equiv./kWh,
-wind, geothermal and nuclear power: 10-70

g CO2-equivykWh,
- biomass and hydropower: 10-400 g

CO2-equivykWh,
- solar and ocean energies: 100-300 g

CO2-equivykWh.
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The Global Warming Potential
(GWP) of methane

uncertain parameters irrespective of GWP
definitions

IPGC definition generally adopted and
recommended by the FENCH-GHG expert group
(Beijing, 1994)

uncertainties in "IPCC11 GWP
- atmospheric residence time of CH4
- atmospheric residence time of CO2
- indirect climate effects of CH4
- IPCC recommended GWP value are subject to

changes, following e.g. changing scientific
insights

a reasonable GWP value of CH4 will be near 50
JVFW1396



Table I. Greenhouse gas emission factors of greenhouse gas intensive materials used in
full energy chains (in g CO2-equiv./g): literature (number of values); default values.

Materials

High
alloyed
steel

Low
alloyed
steel

Unalloyed
steel

Cement

Concrete

Reinforced
concrete

Glass

Literature

7.2 (1)

2-3 (5)

2.4(1)

0.8-0.9
(3)

0.14-0.16
(3)

2(1)

0.9-1.9

Default
value

7

2.5

2.4

0.8

0.15

2

1.5

Materials

Copper

Aluminum

Aluminum
(recycled)

Plastics

Nitric Acid

Fertilizer

Silicon

Literature

2.7-8.8
(5)

2.5-23 (3)

1.3 (1)

2.0-6 (5)

0.6-1.4
(2)

12(1)

109-181
(2)

Default
value

5

20

1.3

3

1

12

181

With the exception of the literature values for glass, copper, aluminum, plastics, and

silicon the literature values scatter hardly.

With some care the default values in the table might be used for roughly estimating

emission factors of energy technologies



IAEA International Expert Meeting
on Full-Energy-Chain Greenhouse Gas Emissions

from Solar and Wind Power Generation
Vienna, 21-24 October 1996

Full-Energy-Chain Greenhouse Gas Emissions
from Renewable Power Generation

literature FENCH-GHG emission factors for wind and
solar power technolgies scatter widely. Hence, there is
need to clarify this inconsistency.

FENCH-GHG emission factors of solar and wind power
technologies are composed of GHG contributions from
- the use of materials and energy in the various

activities in the FENCH,
- the use of land for the power plants,
- the supply of backup electricity or electricity from

storage
JVFW1696



Full-Energy-Chain Greenhouse Gas Emissions
from Hydropower Generation

GHG emission sources from hydropower generation:
- materials and energy use for hydropower plant construction,
- the hydropower reservoir,
- if carried out at the system level: GHG emissions

associated with the generation the backup electricity during
periods of low hydropower supply. This mainly applies to
run-of-river plants.

GHG release relevant hydropower plants
- reservoir-type plants in cold-climate "northern flat areas",

(at northern latitudes higher than 48a),
- reservoir-type plants in "humid tropical areas",
- reservoir-type plants in "Alpine areas", which are at higher

altitudes,
-" run-of~rivert! type of plants.

Parameters of the plant of particular significance to the GHG
emissions are:
- the geomorphology of the reservoir,
- the electrical capacity of the plant,
- the composition of the dam: earth/rock and/or reinforced

concrete.
JVFW1696



-V !••• i it I,,. & r* >"* r f ' ; ' i : •?... / '** ib s;S i

\A/ ? f?: fi

Gas Emissi

«

Full~Energy~Chain Greenhouse Gas Emissions
from Hydropower Generation

contributions from hydropower plant (HPP)
construction
- 0.4-3 g CO2-equiv./kW.h(e) for run~of-river plants,
~ 10-40 g CO2-equiv./kW,h(e) for small "concrete

dam" plants,
- 1-5 g CO2-equiv./kW.h(e) for large "concrete dam"

plants,
- 0.1-1 g CO2~equiv./kW.h(e) for "earth/rock dam"

plants;

the large and dominant GHG source of reservoir-type
HPPs is the biodegradation of organic material in the
reservoir;

phases of GHG formation from hydropower plant water
reservoirs
» an "initial phase" of 1 - 3 years duration
- an "erosion phase" of 7 - 10 years duration
- a "balanced phase" of 10 - 30 years.

JVFW1696
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Fuli-Energy-Chain Greenhouse Gas Emissions
from Hydropower Generation

(continued)

FENCH-GHG emission factors for HPPs from
"northern flat areas" are subject to considerable
uncertainty. Existing data allow an estimate of ca. 15 g
CO2-equiv./kW.h(e);

for "humid tropical areas" reservoirs adequate data are
lacking. The emission factors of these HPPs probably
are very large;

11 run-of-rivert! HPPs have FENCH-GHG emission
factors of 0.9-2.9 g CO2- equiv./kW.h(e);

JVFW1696



TABLE III. EMISSION FACTORS OF SELECTED LINKS OF THE FULL NUCLEAR
ENERGY CHAIN, in g CO2 equiv./kW.h(e)

Mining

Milling

Conversion

Enrichment

Fuel fabrication

Power plant:
construction and
operation

Reprocessing

Intermediate depository

Final repository for
S/ILW

Final repository for
I/HLW

Total

Swiss study
once-through

chain UCPTE,
enrichment-

mix,
reprocessing,

no Pu use

0.39

1.41

1.45

1.00

0.09

3.04

1.19

0.03

0.09

0.19

8.88

Japanese study
once-through,

diffusion (D) or
centrifuge (C)

enrichment

0.25

included in
mining

1.08

13.98(D)
1.98(C)

0.13

4.49

-

0.24

-

0.76

20.92(D)
8.92(C)

Swiss study
once-through

chain UCPTE,
centrifuge,

reprocessing,
no Pu use

0.39

1.41

1.45

1.04

0.09

3.04

1.19

0.03

0.09

0.19

8.92

Japanese study
once-through,

diffusion (D) or
centrifuge (C),
reprocessing,

Pu use

0.18

included in
mining

0.92

10.75(D)
1.52(C)

0.13

4.49

1.61

-

1.18

0.15

19.41(D)
10.18(C)

• the fuel enrichment step can be a dominating source of greenhouse gas if enrichment is by
the electricity-intensive gas diffusion process (D). In this case the origin of the electricity,
whether it is generated by a low GHG-intensive process (hydropower or nuclear power) or
not, is important. The Swiss case, which assumes the French situation, therefore shows low
emission factors in all cases;

• in case of enrichment by the centrifuge or, low GHG-intensive, diTusion process the
power plant construction and operation becomes the most important source of GHG;

• the expert group agreed that a worldwide, reasonable estimate of the emission factor for
the FENCH of nuclear power is 9 g COrequiv./kW.h(e)

• the rather large range of emission factors in literature (8-69 g CO,-equiv./kW.h(e)) can be
explained by different assumptions concerning: a) the energy mix for generation of electricity
for activities in the energy chain; b)the enrichment technology: gas-diffusion or centrifuge,
c) plant life-time and load factors; d) country-specific energy use for waste handling and
mining/milling operations.



LAND-USE RELATED CO2 EMISSIONS FROM WIND AND SOLAR POWER
GENERATION

Land-use CO2 emission from land-use

m2 per kW.h(e) in 20 years g CO2-equiv./kW.h(e)

Wind power 5 x 10s 4

Solar PV power 3.7 x 10^ 27

Solar thermal power 1.5 x 10"1 11

1. Using literature data on the land-use per unit of installed capacity and the load factor, one
can derive the land-use required for generating 1 kW.h(e) in 20 years.

2. The presence of land-use intensive renewable power plants hampers photosynthesis which
sequesters at least 3.7 kg CO2 per m2 per year.

3. In all three cases of renewable power - wind power and the two solar power options - the
contribution from their land-use is significant.



Power generation i
TWh per year
2,000

1,500

1,000

500

the European Union
TWh per year

thermal

hydro
—•—

nuclear

wind
D

total power
e

JVFW0594



TABLE II. OVERVIEW OF LITERATURE ON GREENHOUSE GAS EMISSION
FACTORS OF WIND TURBINES.

Author Wind turbine data Emission factor
g CO2-equiv./kW.h(e)

ExternE

Yasukawa

Lewin

Fritsche

Univ. Zurich

Uchiyama

Uchiyama

Grum-Schwensen/
Van de Vate

Friedrich, Marheineke

400 kW; 20 yrs;
load factor 0.3

1 MW; 20 yrs;
plant factor 0.28

300 kW; 20 yrs;
2000 hours/yr
efficiency 0.38

500 kW; 100 yrs

30 kW

100 kW; 276 MWh/y;
efficiency 0.315

100 kW;
capacity factor 0.2

95 kW; 20 yrs;
capacity factor 0.2

?kW; 20 years;
wind speed 5.5 m/s

33

44

11 (standard)
[7, for a concrete tower]

18

33
(16-58)

95

123

14

19

1. Literature shows a rather large range of FENCH-GHG emission factors for wind power
plants: 18 - 123 g CO2-equiv./kW.h(e).

2. Apart from Uchiyama's high values (95 and 123), there are two groups of FENCH-GHG
values for wind power generation: low values (11-19) and middle values (33-44). For none of
these differences an explanation can be inferred from the underlying publications.
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TABLE III. MATERIALS USE FOR GENERATING WIND POWER

Steel

Concrete
Cement

Copper

Aluminum

Glass

Plastics

Emission factor
g CO2equiv./
kW.h(e)

Lewin

(300 kW)

tons

44.8

54

0.81

0.03

-

4.4

11

Fritsche

(500 kW)

tons

50

300

-

-

-

7.5

18

Uchiyama

(100 kW)

tons

-

50

-

-

-

-

95

Grum-
Schwensen
(100 kW)

tons

11.3

6.7

0.8

5.4

0.64

0.26

13.7

1. Steel (and to a lesser extent cement and aluminum) dominate the materials use for
wind turbines.

3. The steel and aluminum related GHG emissions dominate the FENCH-GHG
emission factor of wind power generation. The larger GHG emission factors for steel
(7) and for aluminum (20) compared to cement (0.8) causes the larger metal related
emissions.



TABLE IV. USE OF VARIOUS ENERGY CARRIERS IN ACTIVITIES OF THE
FULL-ENERGY-CHAIN OF WIND POWER (Uchiyama)

electricity coal oil cement total total %
MWh Gcal Gcal tons Gcal g-CO2

raw materials
manufacturing
construction
transport

97
73
1
0

594
1
14
0

83
15
25
69

50
-
-

894
190
42
69

327
35.2
13.2
20.5

82
9
3
5

total

O&M

175

4

609

-

192

2

50

-

1195

22

396

6.60

10
0

-

1. The raw-materials related GHG emissions are very large compared to the emissions from
other activities.

2. Coal use dominates the raw-materials contribution. Country specific?



TABLE V. OVERVIEW OF LITERATURE ON GREENHOUSE GAS EMISSION
FACTORS OF SOLAR PV GENERATION

Uchiyama, et al

Dones, et al

Marheineke,
etal

Lewin
Meridian Corp.

Hynes

Hynes
Uchiyama

Dones

Solar PV data
(silicon)

30 yrs; 1 MW
20 yrs; 1 MW

3 kWp; roof
5 MW; tower
3 kWp; 30 yrs

3kWp
3kWp

500 kW
100 kW

monocryst.
polycryst.

amorphous
25 yrs; 25 kW

20 yrs; 300 kW

samll-scale; 20 yrs
large-scale; 30 yrs

ADVANCED

30 yrs
3 kWp; roof
3 kWp; roof
3 kWp; roof
3 kWp; roof

Emission factor
gCO2-

equiv./kW.h(e)

123
235
59
126

141-257; (81-180)
80-201
132-256

163
226
313
293
261
279
228
5.35

100-400
40-150

24
37
29
29
28

1. Most of the investigations on the CO2 emission factors for solar PV generation are in the
range of 100-300 g CO2-equiv./kW.h(e).

2. Advanced and large-scale production solar PV systems have low emission factor values.

3. Present solar PV systems have a FENCH-GHG emission factor of 200 ± 100 g CO2-
equiv./kW.h(e).

4. Future solar PV systems (2020) could have 5 - 1 0 times lower emission factors.



TABLE VI. MATERIAL AND ENERGY USE FOR A 300 kWp SOLAR POWER SYSTEM
(taken from Lewin)

steel
Al
Cu
concrete
glass
plastics
Si

Total
Transport (oil)
Decom-
missioning

oil
power

Total (t CO,)

gco2-
equiv./kW.h(e)

Monocrystalline

mass
(t)
63
3
4

296
47
3
8

silicon
CO,
(0
189
60
20
44
56
18

1448

1835
12

10
5

1862

408

Polycrystalline
silicon

mass

(0
86

0.03
4.9
358
47
3.3
9.2

CO,
(t)

258
1

25
54
56
20

1665

2079
12

10
5

2106

461

Amorphous
silicon

mass
(t)
123
0.03
7.8
576
75
2.8

-

CO,
(t)

369
1

39
86
90
17
0

602
12

10
5

629

137

1. The CO, emissions from silicon manufacturing are by far the largest contributors for
tnonocrystalline and polycrystalline silicon.

2. Literature shows different GHG emission factors for silicon, probably country-specific.

3. Amorphous silicon PV systems require very low amounts of silicon. Consequently, the
ultimate emission factor a-Si is only one-third of that of the crystalline solar PV systems.
Steel related GHG emissions dominate the emission factor of a-Si PV systems.



TABLE VII. LITERATURE ON SOLAR THERMAL POWER PLANTS

Vant-Hull

Vant-Hull

Uchiyama

Uchiyama

Solar thermal
power data

100 MW; 30 yrs;
0.38 cap. factor

100 MW; 30 yrs;
0.38 cap. factor
5 MW; 20 yrs;
0.3 cap. factor

5 MW; 20 yrs;
0.3 cap. factor

Emission factor
g CO,equiv./kW.h(e)

23 (20 yrs)
15.5 (30 yrs)

810

392

275

Total CO2

(tons)

108 (154)

108

93

69

Miscellaneous

Solar Two

Solar Two

Cyl. concentrator

Central receiver

1. There is limited literature on FENCH material and energy use for solar thermal power
generation.

2. FENCH-GHG emission factors of solar thermal power generation are strongly dependent
on the plant capacity. The total amount of CO2 involved in plant materials and construction
show hardly any capacity dependence.

3. Large (100 MW(e)) solar thermal plants have interestingly low FENCH-GHG emission
factors of ca. 20 g CO2-equiv./kW.h(e).



TABLE VIII. MATERIAL AND ENERGY USE FOR A 100 MW(e) SOLAR THERMAL
POWER PLANT [27]. Materials in tons; energy in MW.h(th); heliostat and wiring in kg.nr2

or kWh(th).mJ

Heliostat
and wiring

Heliostat field
(0.874 km1)

Tower,
foundation

Receiver

Salt transport

Thermal storage

Steam generator

Turbine plant

Total

tons COj-equiv.
emission

Al

0.13

99

-

3.8
-

1.1
-

104

1560

Cu

0.33

292

-
-

0.9
-

0J
-

293 J

1466

oa,
plastics

0.86

749

-
-

-

-

-

-

749

2996

Stainl.
steel

3.27

2856

-

109

35

364
43

-
3407

23 849

Carbon
steel

24.3

21272

890
849
113
602
200
227

24 153

72 459

Concrete

104.5

91330

21480
-

206

810

809

45

114 680

17 202

Fiber
glass

-

-

-

49

13

373

11

-

446

669

Molten
salt

-

-

-

224

-

16000

-

-

16 224

13 273

Energy for
transport and

manufacturing

67.3

58805

11130

1650

359
2520

771
350

75 585

20 412

Carbon steel (and to some extent the use of energy for transportation and manufacturing ,
and use of stainless steel) are the major source of CO: from solar thermal power generation
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Abstract

The assessment of energy supply systems with regard to the influence on climate change
requires not only the quantification of direct emissions caused by the operation of a power
plant. It also has to take into account indirect emissions resulting from e. g. construction and
dismounting of the power plant. Processes like manufacturing the materials for building the
plant, the transportation of components and the construction and maintenance of the power
plant are included.

A tool to determine and assess the energy and mass flows is the Life Cycle Analysis (LCA)
which allows the assessment of environmental impacts related to a product or service.

In this paper a FENCH (Full Energy Chain)-analysis based on a LCA of electricity
production from wind and solar power plants under operation conditions typical for
application in Germany is presented. The FENCH-analysis is based on two methods, Process
Chain Analysis (PCA) and Input-Output-Analysis (10A) which are illustrated by the example
of an electricity generation from a wind power plant. The calculated results are shown for
the cumulated (indirect and direct) Greenhouse-Gas (GHG)-emissions for an electricity
production from wind and solar power plants. A Comparison of the results to the electricity
production from a coal fired power plant is performed.

At last a comparison of 1 kWh electricity from renewable energy to 1 kWh from fossil energy
carrier has to be done, because the benefits of I kWh electricity from various types of power
plants are different. Electricity from wind energy depends on the meteorological conditions
while electricity from a fossil fired power plant is able to follow the power requirements of
the consumers nearly all the time. By considering the comparison of the different benefit
provided the GHG-Emissions are presented.



1 Introduction

The possible climate change due to energy based emissions is one of the controversially
discussed subjects within the last years in Europe. This is done due to the so called greenhouse
effect which might cause an increase of the mean temperature in the next centuries.

The discussion concerning the energy-based GHG-emissions focuses
especially on energy from the electricity production. The influence on the environment by
providing electricity from various types of power plants can be very different For example
GHG-emissions are mainly originated by fossil fired power plants due to operation, while
emissions from renewable energy technologies are originated from the construction of the
power plant Therefore the whole life cycle of providing electricity of different types of plants
has to be taken into account. In the following explanations of the methodological approach
and preliminary results are shown.

2 Method

The four steps of a LCA ('goal definition', 'inventory analysis', 'impact assessment' and
'evaluation') are briefly described in this chapter As a part of the inventory analysis the
methods Process Chain Analysis, Input-Output-Analysis and a combination of both, the
Hybrid-Analysis, are described. At last the proceeding of the System Comparison is described.

2.1 Steps of a LCA

The structure of the LCA for electricity generation is shown in figure 1

Goal Definition

content of the balance:

• object definition
• time horizon, boundaries
• methodical assumptions
• content of inventor.'
• content of impact
• which emissions'

Inventory
Analysis

input and output
flows:

• emissions
• energ rescources
• materials
• waste
• land use

— ^ .

Impact
Analysis

impact categories:

• global warming potential
• ozone depletion potential
• acidification potential
• energy balance
• eutrophication potential
•

Evaluation

evaluation methods:

• costs
•

Fig 1 Structure of the LCA

In the 'goal definition' the topic of the LCA has to be defined precisely. This
includes the definition of the examined object (product, services, system or technique) as well as the
description of the system boundaries of the assessment, aims and criteria of the analysis, time
reference and methodical assumptions. In the case of comparative assessment the compared objects
should have the same function, eg for electricity the same security of supply Results are only valid
for this assumption.

The goal of the second step, the 'inventory analysis', is the quantification of
energy and mass flows of substances, heat, emissions and so on.



The third step is the 'impact assessment' which includes the determination or
quantification of the potential hazards of effects that are caused by the input and output flows of the
system

In the last step the impacts have to be evaluated. Concerning this subject
there still exist no general rules. In this paper an evaluation is not considered.

2.2 Methodological Approach

In the following the methods to carry out the inventory analysis are described. These methods are
used to calculate energy and emission balances for several technologies that produce electricity in
Germany.

Process Chain Analysis. Traditionally, the Process Chain Analysis is used to perform the
inventory analysis. Process Chain Analysis is a micro analysis in which a complex system is
divided into well defined process steps. As the input of a process results from other processes,
and as usually the output of a process again is input to another process, a process chain can be
assembled by linking the processes which describe the life cycle of a product (from the cradle
to the grave). Although a process chain usually has a defined end (e. g. one kWh of electricity
produced or delivered), it is often difficult to define a beginning, as each process in the chain
needs inputs delivered by other processes (Exception: gain of ore). This means, that it is often
necessary to cut the chain by neglecting the remaining links. Thus the chain has to be cut after a
certain number of steps (e.g. 3 or 4). It is difficult to estimate the error caused by the cutting of the
chain. The structure of the Process Chain Analysis is shown in Figure 2. Every process has also
flows from and to the environment which are indicated by arrows on top of each process.

Fig. 2 Structure of the Process Chain Analysis

Input-Output-Analysis. A possible way to avoid this difficulty and to analyze all intermediate
production is the use of the Input-Output-Analysis which is based on economical Input-Output-
Tables In an Input-Output-Table different production sectors (industry, farming etc.) are
shown (figure 3) Their production values and connections between the production sectors are
given in monetary units. By combining all these connections under definite conditions the
production value for a certain output can be calculated. Based on this economic I/O-Table
inventory results can be calculated in a second step by knowing emission factors for each
economic sector Branch specific emission coefficients can be deduced from production statistics,
emission statistics and the energy balance of Germany. Multiplying the production required in the
different sectors of the economy with the corresponding emission coefficients results into the
emissions for the whole life cycle
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Fig. 3 Input-Output-Analysis

The advantage of the I/O-Analysis is, that results for the whole chain are
achieved without having to spend much effort, provided suitable I/O-Tables are available.

However, the main disadvantage of the I/O-Analysis is, that each sector
generally includes economic activities with a lot of different technical processes. Instead of looking
precisely at a specific process the I/O-Analysis averages the technical processes that should be
evaluated There are a lot of sectors included in the I/O-Table which results in a low accuracy of
the results Thus, the method may be more useful for countries with I/O-Tables divided into
thousands of sectors than for countries like some West-European countries with significantly less
than 100 sectors Consequently, it seems to be more accurate to look directly at the process instead
of analyzing the economic sector, in which the process is located or aggregated. Of course, results
only show emissions within the country, imports, that cause emissions outside the country have to
be considered in a separate step.

Hybrid-Balance. For this reason a combination of Process Chain Analysis and I/O-Analysis with
the advantages of both methods seems to be one way to reach an acceptable degree of accuracy on
the one hand and an entire balance of emissions with an acceptable data requirement on the other
hand

First a Process Chain Analysis of the main streams has to be performed. To
include all the branch production connected with the providing of a product or service the balance
has to be completed with I/O-Analysis Then the processes and process chains that have already
been balanced by Process Chain Analysis have to be subtracted from the I/O-Analysis Experience
shows that for the determination of GHG-emissions from fossil fired power plants the consideration
of certain small number of processes is sufficient to decrease the part of the result calculated with
I/O-Analysis substantially, so that an acceptable degree of certainty is achieved. For the balance of
renewable technologies it is essential to perform a Process Chain Analysis with high accuracy
because the main emissions are originated in processes like steel and concrete production,
transportation etc Emissions from these processes can be estimated by the Process Chain Analysis
in detail.



Step I

e g. with PCA electricity

Sector 3: electricity, steam, hot water
Price: 500 DM

' 2,5tCO2.

e. g. with PCA glass fiber

Sector 11. synthetic articles
Price: 1000 DM

e g. with PCA polyester

production
rotor blade

GF rotor blade

Sector 11: synthetic articles
Price: 10 000 DM

Sektor 11: synthetic articles
Price: 2000 DM

Step II Sector 11: synthetic articles
Price: 10 000 DM

I-O-A,
except sector 3 (500 DM)
and sector 11 (3000 DM)

production
rotor blade

Step III Total: 9 t CO2

Fig. 4 Example of the Hybrid-Analysis - Production of a Rotor Blade of a Wind Turbine

An example of the Hybrid-Analysis for production of a rotor blade of a wind
turbine is shown in figure 4. In the first step (I) the Process Chain Analysis should be performed as
far as possible In a second step (D) the I/O-Analysis is performed by subtracting the processes
which have to be considered by the Process Chain Analysis. The third step (HI) contains the sum of
step II and HI, or the results from the PCA and the I/O-Analysis.

It should be mentioned that all processes which have a high energy in- or
output should be calculated by the Process Chain Analysis. Only the not known or not available
streams can be calculated by the Input-Output-Analysis. So the results of the Process Chain
Analysis give a minimum value of the results, while the results of the Input-Output-Analysis give
additional results. Therefore the results of the Hybrid-Analysis present the maximum value.

2.3 System Comparison

While energy gained from fossil fuels is able to provide electricity appropriate to the demand,
the electricity gained from renewable energy systems is a function of the fluctuation of the
primary renewable energy source (due to cloudiness, wind strength variations, etc.) This
requires a backup system which provides electricity during low output periods for fulfilling a
defined supply task. The backup-supply is provided by coal fired power plants. For the
example of an integration of wind turbines into a conventional power system, the inventory
results for wind turbines and fossil fired power plants are estimated. The integration leads to a
power plant mix. A system comparison has to be done which allows the comparison of
electricity (1 kWh) gained from renewable energy and from coal fired power plants (power
plant mix) with those from coal fired power plants only (reference power plant) Following
items have to be taken into account:

• valid for the generation of electricity only
• valid for definite electricity demand only



• integration of renewable energy in a conventional power plant system
• constant statistic guarantee of energy supply
• considering the behavior of the fossil fired power plants under partial load:

- reduction of absolute emissions
- increasing of the specific emissions
- reduction of full load hours

• substitution of coal fired power plants:
- substitution of a whole plant
- proportional substitution of a power plant

• different penetration of wind (energy from wind divided by the energy from fossil fuel),
5 and 10%

The proceeding of the system comparison is shown with exemplary numbers for CO2 and steel
in figure 5.

reference power
plants

safety supply
97 %

power plant
mix

safety supply
97 %

difference
-36 g CO2 I 5 "A

0,13 g steel | Penetration

reference power
plants

safety supply
97 %

Fig. 5 Proceeding of the System Comparison -exemplar* numbers for CO; and Steel-

The difference from the inventory results of the power plant mixture to
the coal fired power plants is originated by the electricity provision of the renewable
technology. This difference has to be charged on the renewable technologies by taking into
account the different penetration. The example for CO2 shows, that the emissions of coal fired
power plants decrease due to provision of electricity from renewably power plants, although
the specific emissions are increasing at partial load. The difference of the emissions
(-36 g/kWh) has to be charged on the renewable technologies. Due to a penetration ratio of
5 % the inventory results have to be divided by the penetration to get the emission per kWh.
This results into specific emissions of-711 g/kWh They can be negative, because 1 kWh of
fossil fired power plants has been substituted.

The example for the inventory results of steel shows that the use of steel
in the power plant mixture (1,13 g/kWh) is higher than in the conventional power system



(1 g/kWh) due to the higher specific intensity of material for renewable technologies. The
difference (0,134 g/kWh) results into a credit of 2,56g/kWh steel for wind turbines
considering a penetration of 5 %.

3 Preliminary Results

3.1 Reference Technologies

The reference criterions for power plants include plants in different power classes, actual/new
technology, high technical availability, average costs, site of production in Germany and the
availability of data.

The investigated photovoltaic technologies are described in table 1. Roof
mounted systems with a peak power of 5 kW as a typical solar technology are object of the
study Three different types of cell technologies have been considered (mono- and
polycrystalline, amorphous).

Table 1 Technical Specifications of the Reference Photovoltaic Systems /Kaltschmitt, Wiese 1995/

Roof Mounted Systems
Power of Module [kW]
Basic Material
Type of Solar Cells
Effectiveness of Solar Module1

Effectiveness of DC.-AC. Converter2

Structure of Mounting
Availability of Tech. System in %
Useful Life [a]
Utilization Ratio of System [%]

5
Silicon
mono

14
92

Steel
97
25

10-11
00-960

5
Silicon
poly
12
92

Steel
97
25

9-10
800-960

5
Silicon

amorphous
6

92
Steel
97
25
4-5

800-960
1 Under STC-conditions; 2 Operation at normal rating; 3 For slanted and adjusted surfaces in typical locations
in Germany with an annual irradiation between 3 760 and 4 520 MJ/(m2a) (1 050 to 1 260 kWh/(m2a))

The investigated wind turbine is a HSW 1000 (Husumer Schiffswerft). It has
a power output of 1 000 kW and consists of a height of tower of 55 m, a rotor diameter of 54 m
(3 rotor blades) and a steel tube tower. The control of the power is done by 'pitch'. The useful life
amounts to 20 years and the annual work amounts to 1620 MWh. This wind turbine represents the
actual technology.

The technical specifications of the conventional power plant located in
Germany (Staudinger) for comparison is characterized by: 510 MW gross, net efficiency 43 %,
5000 full load hours/year, useful life of 30 years. This power plant represents as well the actual
technology



3.2 Inventory Analysis

The climate effects of the trace gases carbon dioxide (CO2), laughing-gas (N2O) and methane
(CH4) can be summed up in the term CO2-equivalents, or the Global Warming Potential (GWP).
Thus, the inventory analysis for these emissions has to be performed.

The emissions are calculated first by the Process Chain Analysis and in a
second step with a combination of Process Chain Analysis and I/O-Analysis (Hybrid-Analysis) as
described above The performance of the second step is only possible if the required data is
available Until now, there is not enough data available to perform a Hybrid-Analysis on
photovoltaic systems. For the results only construction and operation have been taken into account
Dismounting of the plants has been neglected. Table 2 shows the results calculated by the Process
Chain Analysis for the photovoltaic system, the wind power turbine and a coal fired power plant.
The main contribution of emissions of the fossil fired power plant originates from the operation of
the power plant and the methane emissions of coal mines.

Table 2 Results from the Process Chain Analysis /Kaltschmitt Wiese 1995/

Photovoltaic
Mono
Poly

Amorphous
Wind
Fossil (hard coal)

CO2

t/GWh

260
250
220
13

808

N2O
kg/GWh

_
-
-

0.176
5

CH4

kg/GWh

-
-

49
4099

GWP*, 100a
t tWGWh

-
-
14

910
*/IPCC 1994/: F (N:O) = 320; F (CH4) = 24.5. referring to a duration in the atmosphere of 100 years

As can be seen, the GWP of the wind turbine (HSW 1000) is almost
negligible, while the GWP of photovoltaic systems is in a fairly high range. The highest values
are reached for the coal fired power plant due to the high emissions from the combustion of
coal

For the application of the Hybrid Analysis the results of the analysis is

given in table 3.

Table 3 Results from the

Wind (1.62 GWh/a)
Fossil (hard coal)

Hybrid Analysis

CO2

t/GWh
20
840

N2O
kg/GWh

0.264
13.5

CH4

kg/GWh
79

4 270

GWP*, 100a
t cWGWh

22
948

*IPCC 1994: F (N;O) = 320; F (CH4) = 24.5. referring to a duration in the atmosphere of 100 years

As can be seen again, the specific GWP of the wind turbine is almost
negligible compared to the GHG-emissions from fossil fired power plants. A comparison of
the results from table 2 and 3 shows that about 30 % of the results of the GHG-emissions of a
wind turbine are calculated with the Input-Output-Analysis (70 % of the results are calculated
with Process Chain Analysis). The proportion for fossil fired power plants amounts to 5 %
I/O-Analysis and 95 % Process Chain Analysis. This means that the processes which emit the
most greenhouse gases due to construction and operation of fossil fired power plants have
been considered in the Process Chain Analysis but not all processes for construction and



operation of wind turbines. The results calculated by the Hybrid-Analysis as a second
conclusion can be interpreted as maximum values or as a 'worst case1 scenario.

3.3 System Comparison

The results of the GHG-emissions form 1 kWh electricity gained from wind power turbines
and fossil fired power plants regarding the System Comparison are given in table 4.

Table

Wind
Fossil

4 Results from

(hard coal)

Wind and fossil fueled

CO2

t/GWh
-711
840

Power Plants by

N2O
kg/GWh

-10
13.5

considering the

CH4
kg/GWh
-3 950
4 270

System Comparison

GWP*, 100a
tCO2/GWh

-811
948

*IPCC 1994: F (N:O) = 320; F (CH4) = 24.5. referring to a duration in the atmosphere of 100 years

About 711 t CO2, 10 kg N2O and 3950 kg CH4 can be cut down per
GWh electricity from wind turbines. It shows, that the results of 1 GWh electricity from a
wind turbine are almost in the range of a substituted GWh of the fossil fired power plant. The
difference of the results originates from the construction, operation and dismounting of the
plants as well as from the increased specific emissions from fossil fired power plants due to
partial load Thus, partial load and specific GHG-emissions from the building of the fossil fired
power plant has only a small influence on the backup-system. The decrease of absolute
emissions while operation due to the supply of electricity from wind power stations has the
main influence

4 Summary

It is the aim of the paper to perform a FENCH (Full-Energy-Chain)-Analysis by considering
the production of an energy carrier. Thus climate impacts from the production and use of
different energy sources have to be taken into account.

The method used for the LCA of photovoltaic systems is the Process
Chain Analysis. For the LCA of wind and fossil fired power plants the Process Chain Analysis
as well as the Input-Output-Analysis and a combination of both, the Hybrid Analysis, are used.
The results show realistic values for the Process Chain Analysis. Further emissions calculated
by the I/O-Analysis results into maximum values of GHG-emissions. Thus a 'worst case'
scenario can be achieved.

The GHG-Emissions of electricity generation from solar and wind power
have been determined by considering the construction, operation and dismounting of the
plants The results have been related to 1 kWh of electricity and compared to 1 kWh electricity
provided by a fossil fired power plant. Because of the different abilities of the power plants to
provide a definite electricity supply, it is necessary to perform a System Comparison. Thus the
different use of 1 kWh electricity from renewable energy to fossil energy is analyzed The
System Comparison has been performed by determining the GHG-Emissions from a wind
turbine integrated into a fossil fired power system It is shown that almost all emissions from
1 kWh electricity from a fossil fired power plant can be substituted by 1 kWh electricity from a
wind turbine



The potential of the renewable energies to decrease the GHG-emissions
from generation of electricity is enormous. Thus, it should be the aim to reach a high portion
of electricity production from renewable energy to conventional energy
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Aim:

Determination and Assessment of Environmetal Impacts due to
Construction, Operation and Demilition of Power Plant Technologies

Goal Definition

content of the balance:

• object definition
• time horizon, boundaries
• methodical assumptions
• content of inventory
• content of impact
• which emissions?

Inventory
Analysis

input and output
flows:
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• land use

impact categories:

global warming potential
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acidification potential
eutrophication potential
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evaluation methods:
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Aim and Structure of the Life-Cycle Analysis (LCA)
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Type of Solar Cells mono poly amorphous
Power of Module [kW]
Basic Material
Effectiveness of Solar Module 1

Effectiveness of D.C.-A.C. Converter2

Structure of Mounting

Availability of Tech. System in %

Useful Life [a]
Utilization Ratio of System [%]

Full Load Hours [h/a] 3

5
Silicon

14
92

Steel

97

25
10-11

800-960

5
Silicon

12
92

Steel

97

25
9-10

800-960

5
Silicon

6
92

Steel

97

25
4-5

800-960

1 Under STC-conditions;2 Operation at normal rating;3 For slanted and adjusted surfaces in typical
locations in Germany with an annual irradiation between 3760 and 4520 MJ/(m2a) (1050 to 1260 kWh/(m2a))

/state 1995/

Technical Specification of the Reference Photovoltaic-System
Roof Mounted Systems
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800-

600-

400-

200-

Mono Crystalline Poly Crystalline Amorphous Coal Fired

Technology Specification Coal Fired Power Plant: Staudinger 5, 510 MWel, net efficiency 43 %,
5000 full load hours, useful life 30 years

Specific CO2-Emissions from the Full Energy Chain of
Photovoltaic and Coal Fired Power Plants (only PCA)
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PCA is a suitable tool to perform the Inventory Analysis,
disadvantage: not all processes can be considered

Results of GHG-Emissions are in a realistic range

Simple comparison of GHG-emissions (solar and fossil) is not valid
due to the different availability of primary energy
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FENCH Analysis of Electricity Generation:

IER

Greenhouse Gas Emissions form Solar and Wind Power in Germany

LCA of Wind Turbines
compared to coal fired Power Plants

Methods (Process Chain Analysis, Input-Output-Analysis, Hybrid-Analysis)
System Comparison
Reference Technologies
Process Chain of a 1000 kW Wind Turbine
Results Inventory Analysis
Results System Comparison
Conclusion
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Process Chain Analysis (PCA)

Micro Analysis

Input-Output-Analysis (IOA)

Macro Analysis

Hybrid Analysis

Combination of PCA and IOA

IER

Methods of Inventory Analysis
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Step I Qt

e. g. with PCA electricity

Sector 3: electricity, steam, hot water
Price: 500 DM

e. g. with PCA
_L

glass fiber

Sector 11: synthetic articles
ce: 1000 DM

e. g. with PCA

CX5tCO2^>
1

polyester

Sektor 11: synthetic articles
Price: 2000 DM

production
rotor blade

GF rotor blade

Sector 11: synthetic articles
Price: 10 000 DM

Step II 2tCO2

I-O-A,
except sector 3 (500 DM)
and sector 11 (3000 DM)

production
rotor blade

Sector 11: synthetic articles
Price: 10 000 DM

Step III Total: 9t CO2

Example for a Hybrid Analysis for the Production of a
Glasfiber Rotor Blade
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Problem: Comparison of the different 'quality' (1 kWh) electricity generation

Primary Energy Availability for Electricity Production:
• wind and solar: Function of meteorological conditions ^
• fossil and nuclear energies are always available %

Solution:
• System Comparison

System Comparison
Problem - Solution
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Proceeding:
• estimation of capacity effects (e. g. substitution of installed conv. power)
due to the integration of renew, energies into a conv. power system

Parameters:
• definite electricity demand
• definite power system (e. g. Baden-Wuerttemberg, Germany)
• constant statistic guarantee of energy supply (e. g.: 97 %)
• penetration of 5 and 10 %
• considering the behaviour of conv. power stations due to partial load:

- reduction of absolute emissions
- increasing of the specific emissions
- reduction of full load hours

• considering the decrease of the installed conv. power

System Comparison
Proceeding - Parameters
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1 kW)

reference power
plants

safety supply
97%
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power plant
mix

safety supply
97%

difference:
-36 g CO2
0,13 g steel

reference power
plants

safety supply
97%

—CjkWJP)

5.%....
Penetration

X V

System Comparison -Proceeding- (Exemplary Values)
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plants in different power classes

actual/new technology

high technical availability, average costs

site of production Germany (also: Denmark)

availability of data

Reference Criferions
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Producer

Type

Power [kW]

Height of Tower [m]

Type of Tower

Rotor Diameter [m]

Number of Blades

Blade Control

Annual Work [MWh]l

Useful Life [a]

Sudwind

N3127

270

40

Steel tube

31,4

3

stall

440

20

Hanseatische
AG

ET 550/41

550

40

Steel tube

41,5

3

stall

890

20

GET/
Autoflug 2

GET 41

600

50

Steel tube

41

3

stall / pitch

970

20

1 (1620 full load hours) Combination of the power control through pitch and
diameter; CF/GF rotor blade

Husumer
Schiffswerft

HSW 1000

1000

55

Steel tube

54

3

pitch

1620

20

Nordtank

NTK
1500/60

1500

603

Steel tube

60

3

stall

2430

20

stall, blade extension to raise the rotor

/state 1996/

Reference Technologies of the Investigated Wind Turbines
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(Transport)

Wind Turbine

Transport

Tower Rotor

(Transport)

Process Chain of the Construction of a Wind Turbine
Main Processes
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Tower Power House

Steel Casing Machinery Elektric

(Transport

1 Synthetic Material I Steel Copper

Generator Transmission

Special
Steel

1
Cast
Iron

Alu Synthetic Material Steel Cast
Iron

Copper

Process Chain of the Construction of a Wind Turbine
Tower and Power House
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Rotor Building Project

Attachments Blade Mounting Foundation

Steel

Machinery

(Transport)

Concrete

Excavated
Material,

Roads

Process Chain of the Construction of a Wind Turbine
Rotor and Building Project
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0

1000

13.5/1

026 0.18

Wind Fossil

800

600

§ 400 t

0

GWP 100 948/1

Specific GHG-Emissions and GWP from Wind and Coal Fired
Power Plants by Hybrid-Analysis
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948

GWP 100

Wind

Coal

'Due to Substitution
of lGWh electricity1

-811

Wind Fossil
N20
CH4

CO,

-10
-3950
-711

13.5
4270
948

kg/GWh
kg/GWh
t/GWh

IER

Specific GHG-Emissions and GWP from Wind and Coal Fired
Power Plants considering the System Comparison
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• Results from PCA present minimum values

• Results from IOA present maximum values

• Results of GHG-Emissions from Hybrid Analysis are in a realistic range
(all processes based on the economic connection can be considered)

• System comparison leads to realistic results

• preliminary results

• detailed investigation of wind turbines and photovoltaic plants

Conclusion
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LIFE CYCLE ANALYSIS OF PHOTOVOLTAIC CELL AND WIND POWER PLANTS
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Socioeconomic Research Center

Central Research Institute of Electric Power Industry

Tokyo, Japan

Abstract

The paper presents life cycle analyses of net energy and CO 2 emissions on photovoltaic cell

and wind power generation plants. Energy requirements associated with a plant are estimated

for producing materials, manufacturing equipments, constructing facilities, and operating plants.

Energy ratio and net supplied energy are calculated by the process energy analysis that

examines the entire energy inventory of input and output during life time of a plant. Life

cycle CO2 emission can also be calculated from the energy requirements obtained by the net

energy analysis. The emission also includes greenhouse effect equivalent to CO2 emission of

methane gas leakage at a mining as well as CO2 emissions from fossil fuel combustion during

generating electricity, natural gas treatment at an extracting well and cement production in

industry. The commercially available and future-commercial technologies are dealt with in

the study. Regarding PV technologies, two different kinds of installation are investigated;

roof-top typed installation of residential houses and ground installation of electric utilities.

I. INTRODUCTION

Life cycle analysis is a tool that can be used to evaluate the environmental effects of a

product, process, or activity. The methodology is similar to the net energy analysis that was

popular twenty years ago. Where there are several variations, life cycle analysis is in theory

based on entire inventory of all energy and materials associated with a system or process in

order to estimate the environmental emissions such as CO -, , NOx, SOx, COD, BOD, etc.

In this study we focus on the life cycle inventory (LCI) of energy and CO2 for different

types of electricity generating technologies. The LCI quantifies the resource use, energy use,

and CO, releases associated with the system being evaluated. Energy and material

requirements are estimated in the process analysis on a 'cradle-to grave' basis for all stages of

plant construction and operation & maintenance.

We developed a methodology of life cycle analysis to evaluate energy consumption and

GHG emissions from the total electricity supply system including scope ranges from extraction

of energy resources through processing, power generation, transmission and distribution, to

dismantling of facilities and disposal of waste. We have already reported on net energy



analysis and CO2 emissions of various electricity supply technologies [1],[2],[3]. This paper,

based on the above reports, has made further analysis to evaluate the effect of electricity

generating technologies of solar and wind energy. Amounts of CO 2 gas indirectly emitted from

constructing and operating solar and wind power plants are investigated in order to make the

effects of environmental technologies visible.

2. METHODOLOGY

2-1 Net energy analysis and energy payback time

Life cycle inventory analysis is one of the useful methods to analyze greenhouse gas

emissions from an energy supply system. The life cycle analysis in this study is the process

analysis based on a bottom-up process approach in which each energy system has been

subdivided into energy chain processes of fuel extraction, transportation, treatment, conversion

and waste disposal. The input energy is the total life cycle energy, i.e. the sum of the

construction including materials and equipments production, and the operation energy

consumed in all processes of the system. Regarding a renewable energy technology which

doesn't need to supply any fossil fuels to generate electricity, a power plant is only a process

to be investigated. The output energy is the total amount of electricity produced by the

system or supplied to consumers during the plant life.

Energy ratio is defined as the electrical output divided by the equivalent electrical input

during a plant life:

Energy ratio = O U T / ( I N t / a + INe)

where OUT is the electrical output, INt is the thermal input, INe is the electrical input, and a

is the conversion factor of electricity to primary energy(9.42 MJ/kWh).

Net supplied electricity is defined by subtracting the equivalent electrical input from the

electrical output during life time:

Net supplied electricity = O U T - ( I N t / a 4- INe)

Energy payback time is also calculated by the results of net energy analysis.

It is defined by the following equation.

Energy payback time = INeq./(OUTa X a — INa.op.)

where INeq. is the initial energy input required for producing raw materials, manufacturing

equipments and constructing a plant, OUTa is the annual electrical output, and INa.op. is the

annual energy input at operating and maintaining a plant.

2-2 Analysis of greenhouse gas emission

Based on net energy analysis, the life cycle CO2 emission can be derived from the indirect

emissions associated with the energy consumed for construction and O&M of the electricity

supply system as well as the direct emissions from combustion of fossil fuel fired power plants.

The study also includes the CO, equivalent methane gas leakages at coal or natural gas mining



and the CO 2 emissions from the cement production. Potential impacts on greenhouse effect

from methane gas is 21 times larger than from CO2 gas as the global warming potential

estimated from a time horizon of 100 years. The greenhouse effect of an electricity supply

system is expressed in terms of the CO 2 emission factor calculated by the following equation:

The CO2 emission factor = (El + E2 + E3 + E4)/Out

where El + E2 + E3 + E4 is the total CO2 emission from an electricity supply system during

the plant life, El is the direct emission from fossil fuel combustion at a power plant, E2 is the

indirect emission from construction and O&M. E3 is the indirect emission from cement

production, and E4 is the equivalent CO2 emission from methane leakage. El is eliminated

from the analysis of renewable energy technologies.

3. RESULTS OF THE STUDY

3-1 Photovoltaic Cell Technologies

Energy requirements and CO 2 emissions of PV power plant are investigated on advanced

technologies expected to commercialize in the future. The process analysis approach is used for

analyzing two different PV technologies; polycrystalline silicon(p-Si) and amorphous silicons-

Si). In the study both technologies would be installed not only as roof materials on residential

roof but also as a large scale of power sources of electric utilities setting on the ground.

Total energy required for producing a PV technology includes some process energy

consumed by different industrial sectors such as materials production, equipment

manufacturing, transportation, and services. It seems that the consumed energy of materials

production is dominant among total energy consumed for material intensive products in

industry. However the amount of energy consumption in other processes is not ignored for

them.

What is evident on comparing direct and indirect CO, emissions from products of over 400

different sectors in the Japanese input/output table is that a CO 2 emission ratio of materials

production increases for materials intensive products such as food product machine, steel ship,

pump, compressor, etc.. In the attached figure A-l the ratio of CO2 emission shows a

maximum value of 67 percent for a food product machine, 52 percent for a passenger car, and

23 percent for a semiconductor [4]. In general the value tends to increase for products with

highly additional value.

The energy requirements and CO2 emission of PV technologies need to be derived on

different processes as shown in the following levels:

- silicon production

- cell foundation

- cell manufacture

- module production



- transportation of equipments and materials

- site materials and construction

- operation and maintenance

The energy requirements for decommissioning of the plant after its lifetime is not considered

in the study because of the limited information. Regarding the roof-top installation, energy

requirements for transportation, site construction and O&M are not included into the

calculation because a PV module is dealt with a part of roof materials.

A PV module consists of aluminum frame and a large number of solar cells which are

highly electricity-intensive materials. If advanced technologies to product thinner silicon cell

with high efficiency are developed, energy ratio and CO2 emission factor could be highly

improved. Table I gives R&D targets of cell performance in Japan. Solar cell is produced

by polycrystal silicon for PV-1 to PV-3 and amorphous silicon for PV-4. The yearly

production of cell is assumed to reaches 10 MW for PV-1 and I GW for PV-2 to PV-4[5].

Cell efficiency is estimated to 17 percent of the conventional value for PV-1, 20 percent for

PV-2 and PV-3 and 12.6 percent for PV-4. Cell thickness of PV-3 is 150 n m, half of the

conventional one. In the table we also show the performance of the conventional PV

technology used in the investigation of the previous report[3].

TABLE I EVALUATED PV POWER TECHNOLOGIES

Type of cell

Cell production[MW/y]

Cell efficiency[%]

Cell thickness[/z m]

System efficiency[%]

PV-1

polycrystal

10

17

300

10

PV-2

polycrystal

1,000

20

300

13

PV-3

polycrystal

1,000

20

150

13

PV-4

amorphous

1,000

12.6

0.3

8.6

Conventional

polycrystal

5

17

300

10

Material loss of silicon from the process of silicon ingot to module production is estimated to

74 percent for polycrystal silicon cell. The entire processes of silicon cell consumes primary

energy of 166.0 Gcal/ton for the polycrystal silicon of PV-1 which is produced by the advanced

cell production system to reduce the energy consumption of production processes. The energy

consumption of PV-1 is less than one third of 562.5 Gcal/ton for the conventional technology of

the previous report[3].

Life cycle energy consumption of PV-1 and its distribution ratio of processes are indicated in

the table II with comparison of the conventional technology. Energy requirement for

producing materials occupies the majority of the life cycle energy. Total energy of PV-1 is

highly improved by the advanced technology of cell production. In succession of materials

production O&M and equipments manufacturing share 21 and 19 percents of the total energy,



respectively.

TABLE II Life Cycle Energy Requirement of 1 MW PV system

Total Energy Distribution ratio of Processes [%]

[Gcal/y] Material Manufacture Constr. Transport. O&M

Conventional 1,107 61.9 11.3 3.0 0.7 23.1

PV-I 572 51.3 18.6 5.9 2.9 21.4

Based on the above performance in Table I , we estimated entire material and energy

requirements for different types of PV systems during lifetime of 30 years. The results are

indicated in Table HI for I MW PV plant of electric utility installation, and in Table IV for 3

kW plant of roof-top installation in residential houses. It is shown that the advanced

technologies of mass cell production can contribute to reduce the amount of material

requirements as well as energy consumption. Although development of amorphous silicon

cell is effective to reduce an amount of silicon which is one of the most energy intensive

materials, it still requires a large amount of steel, aluminum and cement of frame and base

materials because of lower cell efficiency.

TABLE El MATERIALS AND ENERGY REQUIREMENTS FOR MANUFACTURE &

CONSTRUCTION OF 1 MW PHOTOVOLTAIC CELL POWER PLANT

DURING LIFE OF 30 YEARS ( Utility installation )

MATERIALS [ton/MW]

Steel

Aluminum

Copper

Cement

Glass

Insulation

Silicon

SiH4

TMT

Oxygen gas

Nitrogen gas

Hydrogen gas

EVA

Butyl rubber

Caulk

Tedra(PVF)

PV-1

520

19

53.9

250

79.8

32

10.6

1.1

10.9

1.5

PV-2

401.1

9.8

42.2

192.3

38.5

25.1

7.3

0.8

8.4

1.2

PV-3

401.1

9.8

42.2

192.2

38.5

25.1

3.6

0.8

8.4

1.2

PV-4

603.95

14.86

62.21

290.75

64.61

36.89

0.05

0.35

1.15

30.21

0.01

6.33

1.28

1.74

Conventional

520

20

56

250

60

47

25



ENERGY (manufacturing, transportation and construction)

Electricity[MWh] 1,359 1,047 973

Coal [ton] 33 24 22

Oil [ton] 145 108 96

925.8

31.78

126.2

1695

29

100

TABLE IV MATERIALS AND ENERGY REQUIREMENTS FOR MANUFACTURE &

CONSTRUCTION OF ROOF-TOP PV POWER PLANT

DURING LIFE OF 30 YEARS ( Roof-top installation: Scale of 1 MW )

MATERIALS [ton/MW]

Steel

Aluminum

Copper

Glass

Insulation

Silicon

SiH4

TMT

Oxygen gas

Nitrogen gas

Hydrogen gas

EVA

Butyl rubber

Caulk

Tedra(PVF)

PV-1

5.0

19.0

53.9

79.8

32.0

10.6

1.1

10.9

1.5

ENERGY (manufacturing, transportation

Electricity[MWh]

Coal [ton]

Oil [ton]

743

10

56

PV-2

5.0

9.8

42.2

38.5

25.1

7.3

0.8

8.4

1.2

PV-3

5.0

9.8

42.2

38.5

25.1

3.6

0.8

8.4

1.2

and construction)

492

10

39

418

9

27

PV-4

5.0

14.86

62.21

64.61

36.89

0.05

0.35

1.15

30.21

0.01

6.33

1.28

1.74

210.56

5.65

22.72

Regarding the roof-top installation in which PV modules are used as roof materials,

amorphous silicon technologies can contribute highly to reduce amounts of material and energy

requirements. Higher cell efficiency of p-silicon can also reduce amounts of material and

energy in the processes of material production and plant construction.

Life cycle energy requirements can be calculated from the results of material and energy

requirements in the tables. Energy requirements as well as energy ratio, payback time and



C 0 2 emission factor are indicated for the utility installation and roof-top installation, in Table

V and VI, respectively.

TABLE V ENERGY REQUIREMENTS AND CO2 EMISSIONS OF PV POWER

TECHNOLOGIES ( Utility installation )

Energy requirement

M, M & C [Gcal/y]

O & M [Gcal/y]

Total [Gcal/y]

Produced energy [Gcal/y]

(MWh/y)

Energy ratio

Payback time[year]

CO2 emission factor

M, M & C [g-C/kWh]

O & M [g-C/kWh]

Total [g-C/kWh]

PV-J

450.1

121.6

571.7

2,809

(1,248)

4.91

5.03

27.22

7.09

34.31

PV-2

309.7

82.6

392.3

2,809

(1,248)

7.16

3.41

19.25

4.95

24.20

PV-3

279.3

73.5

352.7

2,809

(1,248)

7.96

3.06

17.72

4.49

22.21

PV-4

342.6

87.2

429.9

2,809

(1,248)

6.53

3.78

23.05

5.67

28.72

Conventional

851.3

255.4

1,106.7

2,809

(1,248)

2.54

10.0

40.64

11.78

52.42

M, M & C: materials, manufacturing and construction

TABLE VI ENERGY REQUIREMENTS AND CO2 EMISSIONS OF PV POWER

TECHNOLOGIES ( Roof-top installation .Scale of 1 MW)

Energy requirement

M, M & C [Gcal/y]

O & M [Gcal/y]

Total [Gcal/y]

Produced energy[Gcal/y]

Energy ratio

Payback timefyear]

CO2 emission factor

M, M & C [g-C/kWh]

O & M [g-C/kWh]

Total [g-C/kWh]

PV-1

257.69

77.31

335.00

2,956.50

8.83

2.69

12.32

3.70

16.02

PV-2

156.19

46.86

203.05

2,956.50

14.56

1.61

7.69

2.31

10.00

PV-3

125.97

37.79

163.76

2,956.50

18.05

1.29

6.26

1.88

8.14

PV-4

110.10

35.73

154.82

2,956.50

19.10

1.13

6.17

1.85

8.02

M. M & C: materials, manufacturing and construction

The energy ratio of a PV system can be improved in case of roof-top typed installation due

to eliminating fabrication of PV module frames and site construction. Development of new



ffi

silicon cell with high performance could also make the energy ratio increase. The value is

approximately twice larger than that of the conventional PV system.

Table V and VI also present the results of CO2 emissions per unit of kWh, including the

methane leakages, for conventional electricity generation systems. The CO2 emission factor

of PV system can be improved if higher efficient PV cell may be developed. As shown in the

table, advanced PV cell such as thinner silicon cell and amorphous silicon cell with higher

efficiency could make the CO, emission factor reduced up to half of that of the conventional

one in case of roof-top typed installation.

3-2 Wind Power Generation Technology

In the previous study[ref.3] we investigated life cycle analysis of conventional wind power

generation plant which was constructed as a demonstration plant in Japan 12 years ago.

Recent progress of PV technologies is so rapid that its performance characteristic has been

improved year by year. We tried to calculate energy ratio and CO, emission factor again for

advanced wind technologies installed in recent years. Table W shows improved performance

of Japanese wind machines produced by the Mitubishi Heavy Industry and of Danish one

produced by the MICON, and their annual capacity factors when they are installed at the best

area of wind flow in Japan.

TABLE VH EVALUATED WIND POWER TECHNOLOGIES

Mitubishi-1 Mitubishi-2 MICON Demo. plant[ref.3]

170/50 400/100 100

27 31 30

Asynchronous Asynchronous Asynchronous

(2-speed) (2-speed) (single-speed)

25 20 20

We investigated amounts of material requirements for different types of wind machines

based on the above technological performance of the table. Table VD1 indicates the results of

material requirements for main components and civil work. It is found that recent progress of

wind technologies makes total weight of main components reduce by the effort of design

improvement. Regarding construction materials required for civil work, amounts of concrete

and steel have also large change in material requirements between conventional and advanced

technologies; total weight of construction materials for advanced technologies is less by more

20 % than of the conventional one.

Power outputfkW]

Rotor diameter[m]

Generator type

Capacity factor[%]

300

28

Asynchronous

(single-speed)

20



TABLE VID MATERIALS REQUIREMENTS OF WIND POWER TECHNOLOGIES

unit: ton

Blade

Nacelle

Tower

Generator, etc.

cement

steel

stone & sand

Total

Mitubishi-1

3.15

14.93

19.60

5.93

42

20

289

394.6

Mitubishi-2

3.15

14.65

20.93

2.10

42

20

289

388.7

MICON

3.80

9.21

21.60

5.65

41

20

280

381.3

Demo. plant[ref.3]

4.2

18.2

27.0

11.6

50

24

345

480.0

Based on the performance characteristics in Table VII and material requirements in

Table VI, life cycle energy requirements, energy ratio and CO2 emission factor can be

calculated as shown in the table DC. The advanced technology is effective to improve

energy ratio and CO2 emission factor of wind power plant. The reduction rate is

larger than that of PV plant. Energy payback time of wind technology is less than a

year for Mitubishi-1 and MICON machines. Net energy ratio can be improved by

advanced technologies with higher performance characteristics. They can also reduce
CO 2 emission factor of power generation plants. The emission factors of the advanced

technologies are from one third to one fifth of the conventional value of demonstration

plant.

TABLE IX ENERGY REQUIREMENTS AND CO2 EMISSIONS OF WIND

TECHNOLOGIES

Energy requirement

M, M & C [Gcal/y]

O & M [Gcal/y]

Total [Gcal/y]

Produced energy[Gcal/y]

Energy ratio

Payback time[year]

CO, emission factor

M, M & C [g-C/kWh]

O & M [g-C/kWh]

Total [g-C/kWh]

Mitubishi-1

33.87

14.26

48.14

1,064

22.1

0.98

6.99

2.51

9.51

Mitubishi-2

33.60

15.60

49.20

754

15.3

1.37

9.19

3.73

12.92

MICON

32.47

15.06

47.53

1,419

29.9

0.69

4.68

1.89

6.56

Demo, plant

39.83

22.0

61.8

355

5.7

3.59

22.63

11.11

33.74



4. CONCLUSION

The study presents life cycle analysis of net energy, energy payback time and CO2

emissions from PV and wind power generation technologies in Japan. Materials production,

manufacturing of equipments and site construction are evaluated as well as operation and

maintenance of plant facilities. Direct and indirect CO2 emissions from life cycle of a plant are

analyzed with the process analysis. Both conventional and advanced generation technologies

of PV and wind energy are investigated in the study. The results of the comparative

assessment on different generation technologies can be summarized as follows:

(1) It is found that advanced PV technologies make net energy ratio improve by 30 to 40 % for

the utility installation and 65 to 110 % for the rooftop installation of residential houses.

In case of wind power plants, advanced technologies can achieve the large improvement of

energy ratio by 170 to 400 % of the demonstration plant.

(2) Energy payback time of PV technologies is 3.06 to 3.78 for the utility installation and 1.13

to 2.69 for the rooftop type. Advanced wind technologies can improve energy payback

time by 0.69 to 1.37 but cannot achieve the best value of 0.01 for fossil fuel fired and

nuclear plants as shown in the attached figure A-2.

(3) The CO 2 emission per unit of kWh of PV and wind technologies is much lower than that

of fossil fuel fired power plants. It is clear that PV and wind technologies can contribute

to improve CO2 emission factor of average electricity if they are installed into the national

electricity grid. The CO, emission factor can be reduced by developing advanced PV or

wind technologies. The factor of PV is reduced by 18 to 35 % for the utility installation

and 35 to 50 % for the roof-top type. Regarding the advanced wind machines higher

improvement can be expected ; the factor is improved by 60 to 80 % with comparing the

value of the demonstration plant.
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FIGURE A-2 ENERGY PAYBACK TIME OF
DIFFERENT POWER GENERATION PLANTS

Plant

Oil

LNG

Coal
Nuclear(LWR)

Hydro

Geothermal

OTEC

Solar thermal
Wind

Conventional

MHI-1

MHI-2

MICON

Payback Time

|year|

0.09

0.09

0.15
0.11

0.59

3.39

4.58

5.61

3.59

0.98

1.37

0.69

Plant

PV (Utility)

Conventional

p.silicon(20%)
p.silicon(150 p.)

amorphous

PV (Roof-top)

Conventional

p.silicon(20%)
p.silicon(150 n)

amorphous

Payback time

[year]

5.03

3.41
3.06

3.78

2.69

1.61
1.29

1.13



XA9846089

Impact of Renewable Energy Sources on Greenhouse Gas Emissions in
Comparison to Conventional Energies

- Simplified Examples -

Jukka-Pekka Nieminen,
Neste Oy, Corporate Technology

0. Abstract

The paper discusses definition problem of the full energy chain greenhouse gas
(FENCH-GHG) emission analysis. The importance of good definition of the problem is
essential: for what purpose this analysis is done, what shall be included and what can be
excluded from the analysis.

This is done by giving simplified examples of FENCH-GHG emission analysis. The
example is use of small solar heating systems in an oil heated single family house in Finland and
another renewable energy source: liquid biofuel combustion. The paper gives rough data for
those options.

Paper concludes with this example, to recommendations how definition of FENCH-
GHG analysis should be done for intermittent renewable energies.

1. Introduction

Introduction of intermittent renewable energy sources to existing energy infrastructure
links several new problems to the optimisation. In most of the cases renewables are considered
to lower the specific CO2 emissions of the energy economy. This may even be the main driving
force behind the introduction. That is why it is essential to know the real impact of new energy
forms on greenhouse gas emission.

On the other hand the comparison with conventional energy forms can be made
misleading if all assumptions are not made in similar way for all the options and if all relevant
parameters are not included.

2. Definition of the Problem

The problem is how to estimate the impact of new intermittent renewable energy
sources on greenhouse gas emissions so that the results can be used to compare various energy
forms. The basic question is how much greenhouse emissions we save by introducing this
amount of new energy form

In some cases introduction of new renewable energy source replaces some of the old
energy forms. Then the problem is easier: how much GHG emissions are saved when reducing
the use of old energy forms vs. how much GHG emissions are caused with full energy chain of
the new energy form.
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If new energy forms are introduced to cover the increasing load, then we have to

compare various new alternatives to each other and give credit for each option. In such case
there is most likely not any net credit, but all options increase GHG emissions and we have to
compare which causes less increase.

Unfortunately there is no generic GHG credit or burden that can be calculated to each
forms of energy, because impact always depends on the load and on the system where it is
introduced. The methods of analysis depends on where the biggest share of GHG emissions
takes place: in the production of the fuel or in the production of devices or both are important.

3. Solar Heating System

As an example a short summary of results of an analysis is given. The example covers
solar heating system for domestic hot water production in an oil heated single family house.

In this example rough estimation of energy inputs for production of solar heating
system for domestic hot water is done. Table 1 shows the results of the estimation for the sys-
tem. All energy requirements are expressed as primary energy requirements. That means that
all electricity is converted to assumed consumption of primary fuel with conversion coefficient
of0.35.

Table 1 Energy requirements for production of a solar heat system.
COMPONENT PRIMARY ENERGY INPUT
collector (2 pcs) 2 088 kWh
storage 588 kWh
others 349 kWh
Total for hot water system 3 025 kWh

Problems with gathering of this data is that data for primary energy requirements for
various materials varies a lot from reference to reference. For instance energy requirements for
production of aluminium varies from 72.5 kWh/kg from 1978 to 24 kWh/kg (in this figure
electricity is not converted to primary energy).

System is dimensioned so that all produced energy can be utilised: single family house
with two collector system for hot water in Finland. Then the system can produce yearly 328
kWh/m2 (simulation result for Helsinki weather data and with standard family) heat and net
production is about 1470 kWh/a per system. This means that with above-mentioned energy
input, energy pay back time is about two years and energy ratio with 20 years operation is 6.7
(gross energy output / gross energy input).

If the system for the same load would be larger, then not all heat produced could not be
used and the analysis would be different.

If energy ratio is calculated neglecting energy requirements for equipment (the way it is
calculated in the case of biofuels and in the case of most of conventional energy forms, but is
not reasonable way for solar heat) energy ratios would be something from 19 to 35.



Table 2 Energy balances of solar heat system.
CASE ENERGY PAY BACK ENERGY RATIO

[years] output/input
including equipment 2.1 6.7
(excluding equipment nji. 19 to 35)

To make a detailed CO2 balance analysis, one should have better data about which type
of energy is used in production of equipment. One should know the share of fuels and
electricity, which fuels are used and how electricity is generated. Because such detailed
information is not available easily and because energy requirements are expressed as primary
energy consumption, primary energy shares of Finland are used: 0.49 tn carbon as CO2 is
released with every toe of primary energy (1994 statistics).

Calculations have been made using above-mentioned figures. Production of a solar ther-
mal system with two collectors and a 300 1 storage tank releases 480 kg CO2.

When the heat produced with solar hot water system replaces heat generated with light
fuel oil, it will save annually 147 1 of fuel oil, which means 414 kgCO2/a saved. If operation
time of the system is 20 years, the net CO2 saving is 384 kgCCVa.

4. Bio-oil Fired Heating System

Somewhat similar data has been calculated for biofuels in another internal Neste study.
A summary of those calculations is given in Table 3.

The most important energy input for biofuels is energy for actual fuel production, not
so much for equipment production. That is why, while comparing various biofuels, usually
energy input for equipment production is neglected. That is the case with our figures, too. So
the figures are not comparable to figures calculated in the previous chapter.

Table 3 Energy balances of various biofuels, excl. energy for equipment.
FUEL

ethanol from barley
rapeseed methyl ester
methanol from forest residues
pyrolysis oil from forest residues
methanol from energy forests
pyrolysis oil from energy forests

NET ENERGY
[GJ/ha]

6
17

82 ])

116 l)

10 2)

12 2)

ENERGY RATIO
output/input

1.3
2.1
11
12
10
12

0 Harvested every 30-40 years on a rotational basis
2) Harvested every 5th year, but reported on a yearly basis

CO2 balances of various biofuels have been calculated and they are represented in Table
4. The figures are based on energy requirement data shown in Table 3. Thus they don't include
CO2 emissions from production of equipment.



Table 4 Impact of various biofuels on CO2 emission, excl. CO2 from
production of equipment.

FUEL

ethanol from barley

rapeseed methyl ester

methanol from forest residues

pyrolysis oil from forest
residues

methanol from energy forests

pyrolysis oil from energy
forests

CO2 EMITTED
kg CO2/kg fuel

2.5

1.4

0.15

0.14

0.15

0.12

CO2 SAVED !)

kg CO2/kg fuel

-2.8

-3.9

-1.8

-1.6

-1.8

-1.6

OVERALL
IMPACT

kg COj/kg fuel

-0.3

-2.5

-1.6

-1.5

-1.6

-1.5

0 CO2 savings from biofuel substitution and co-product substitution

6. Comparison of the Examples

Solar heat systems in Finland have about two years or in future even less energy pay
back time for original energy investment. This is about same time as solar photovohaics has as
best (= thin film cells and good solar conditions).

Best biofuels have energy ratio (output/input) from ten to twelve. These numbers can't
be compared with energy ratios of solar heat 8-9, because solar heat numbers include energy
for production of equipment and biofuels don't. On the other hand comparison of biofuels1

numbers to numbers calculated in similar way 19-35 is neither a fair comparison, because in
those numbers the main energy input of solar heat is excluded.

However, these numbers tell that both best of biofuels and solar heat systems are
reasonable ways to utilise renewable energy sources, clearly better than ethanol or rapeseed
methyl ester (energy ratio 1.3-2.1).

Developments of these technologies are in a different phase. Some (ethanol and RME)
biofuels could be produced today, but use of those are still in an experimental or
demonstration phase. Some (pyrolysis oil) biofuels are produced only in very first pilot plant in
small quantities and technology development is still going on.

Solar heat is already today used relatively widely in some countries and applications in
quite large volumes, too. Technical development is concentrated on cost reduction in mass
production.

Thus, numbers presented in this paper are proved for solar heat. There is of course
potential for development to improve the numbers, but they are at least as good as shown.
Numbers for biofuels are estimations for fixture, and there are certain uncertainties in the
numbers.



7. Conclusions of the Examples

The conclusions of the examples are that by defining carefully the application you can
make some comparisons. In this case introduction of two collectors domestic hot water system
to oil heated single family house you can save net 384 kg CCVyear or by replacing light fuel oil
with pyrolysis oil from forest residues you can save 1,5 kg CC>2/kg of pyrolysis oil. Without
such detailed specification of the application it is not possible to estimate GHG emission
savings.

But even if the assumptions for the analysis are made correctly, the data available from
literature is usually made for different purpose and assumptions for the data are not correct for
your analysis. Thus the comparisons and conclusions are often very weak or even incorrect.
This shows also that there cannot be any generic data for this purpose: you have to make
always some assumptions and defining and those are correct for future analysis only by
accident.

8. Extension to Grid Connected PV or wind

Electricity production with grid connected photovoltaics or wind turbines has similar
features in the problem setting. We have to always start with defining carefully the problem.
This includes defining of the load profile, existing generation capacity and commensurate data
of FENCH GHG for all options to be studied.

Knowing existing load and existing production capacity we can calculate what effects
the introduction of fixed amount of PV or wind will have on the emissions of the whole
system: emissions of the existing systems and full chain emissions of new system. In the Finnish
grid you are able to connect about 10 % of the production capacity PV or wind without need
for extra storage capacity or reserve capacity, thus impact on existing system is limited to
different way of operating existing capacity leading to fuel savings.

When the markets for electricity grows more global or international and open (third
party access, etc.), the percentage of intermittent energy sources which grid can utilise
increases. The ultimate end would be global grid which can be fed with only intermittent
energy sources world wide.

When the load is increasing or old capacity must be replaced, we have to consider also
the capacity factor of new intermittent capacity. Small PV plant in Finland (long dark winter)
will not replace any other production capacity, but large enough wind power capacity will for
sure replace some.

9. Final Conclusions and Recommendations

The result of this activity can be:

1) Case studies, with fixed load profile and fixed production capacity with variable
"new capacity". Comparison between these cases. This can be done, if enough commensurate
data for all options can be found or generated.



2) Collection of limited basic data for such detailed case studies. This can be done, if
options are limited beforehand, so that we know what data we need to include and the options
to be studied are not very different from each other.

Then the data for calculations must be chosen carefully and in a similar way for each
option. If the options are different in nature data must include all aspects that are essential to
any of the options and all data which are different from others to any of the options. That is
why we have to know the option against which these will be compared. In Table 5 is shown
some issues that varies from option to option and thus must be inchided when gathering such
data. Tables shows relative importance of the issue to the energy option. If all energy forms
that will be compared (ever in future) are in same column, that issue may be left without
notice.

Table 5 Relative importance of various issues that must be covered when
gathering data for FENCH-GHG emission analysis

ISSUE
emissions from equipment production

emissions from fuel production

emissions from transportation of fuel and
equipment
required land area

flexibility of the generation capacity (how
easily can follow the load)

LOW
coal

PV, wind,
hydro

PV, wind,
hydro
wind?

PV, wind
nucl.

MED
nucl.

nucl.

PV, nucl,
coal
coal

HIGH
PV, wind,

hydro
coal

nucl.,
coal

hydro?

hydro

On the other hand the result of this activity can not be generic data of impact of
renewable energy sources to GHG emissions.
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The purpose of this paper is to point out the
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System specifications
• two collectors

• storage tank 300 1

• pumps etc.

Application specifications
• single family house

• Helsinki weather data

• standard four person family
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PARAMETERS FOR SMALL SOLAR HEAT SYSTEM FOR
DOMESTIC HOT WATER PRODUCTION IN A SINGLE
FAMILY HOUSE IN FINLAND

PRIMARYENERYGYINPUT 3,025 kWh / system

ENERGY PAY PACK TIME

ENERGYRATIO

CO2SAVINGS

2.1 years

6.7 (output/input)

384kgCO2/a
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ethanol from barley

rapeseed methyl ester

methanol from forest residues

pyrolysis oil from forest residues

methanol from energy forests

pyrolysis oil from energy forests

ENERGY RATIO
(output/input)

1.3

2.1

11

12

10

12

SAVED CO2

(kg CO2/kg fuel)
0.3

2.5

1.6

1.5

1.6

1.5
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RELATIVE IMPORTANCE OF
VARIOUS ISSUES
emissions from equipment production

emissions from fuel production

emission from transportation of fuel
and equipment
flexibility of electrieity generation

required land area

LOW

coal

PV, wind,
hydro
PV, wind,
hydro
PV, wind,
nucl.
wind?

MED.

nucl.

nucl.

coal

PV, nucl.,
coal

HIGH

PV,wind,
hydro
coal

•coal, nucl.

hydro

hydro?
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Abstract

ETSU is producing a study for the IEA Renewable Energy Working Party on the environmental
impacts of renewables in the power sector. This work includes an assessment of the emissions of
greenhouse gases and other major air pollutants arising from renewable energy technologies, evaluated
on a life cycle basis. As part of this assessment, the study has conducted an international review of
work carried out in this area and has drawn extensively on the ExternE Project, which has looked at the
externalities of a number of energy systems using a 'bottom up* approach.

This paper presents the methodology used in the ETSU review, together with the detailed results
for three of the technologies studied: wind turbines, photovoltaic systems and small, stand-alone solar
thermal systems. These emissions are then compared with those calculated for both other renewables
and fossil fuel technologies on a similar life cycle basis.

The life cycle emissions associated with renewable energy technologies vary considerably They
are lowest for those technologies where the renewable resource has been concentrated in some way (e.g.
over distance in the case of wind and hydro, or over time in the case of energy crops). Wind turbines
have amongst the lowest emissions of all renewables and are lower than those for fossil fuel generation,
often by over an order of magnitude. Photovoltaics and solar thermal systems have the highest life
cycle emissions of all the renewable energy technologies under review. However, their emissions of
most pollutants are also much lower than those associated with fossil fuel technologies. In addition, the
emissions associated with PV are likely to fall further in the future as the conversion efficiency of PV
cells increases and manufacturing technology switches to thin film technologies, which are less energy
intensive.

Combining the assessments of life cycle emissions of renewables with predictions made by the
World Energy Council (WEC) of their future deployment has allowed estimates to be made of amount
by which renewables could reduce the future global emissions of carbon dioxide, sulphur dioxide and
nitrogen oxides. It is estimated that under the WEC's 'Ecologically Driven" scenario, renewables might
lead to significant reductions of between 3650 and 8375 Mt in annual CO2 emissions depending on the
fossil fuel technology they are assumed to displace.



1. INTRODUCTION

Renewable energy is a well-established energy source that already makes a significant
contribution to world energy supply (in 1990, it accounted for over 18% of global electricity
generation). Most major studies of future energy supply agree that renewables will grow proportionally
faster than any other method of electricity generation and that governmental and institutional policies
can greatly increase the role of renewables in the future (IEA, 1995; UNSEGED, 1993 and WEC,
1993). However, in all these studies renewables are predicted to increase the diversity of energy supply
(i.e. they are expected to compliment current, conventional methods of electricity generation, not to
displace them totally).

One of the main factors promoting the deployment of renewables is their environmental benefits
when compared to other methods of power generation. The main benefit is that renewables can reduce
the emissions commonly associated with electricity production by displacing other generating plant
(coal. oil. gas and nuclear) These emissions include the greenhouse and acidic gases from fossil fuel
stations and the radioactivity associated with the nuclear fuel cycle. Of these, it is the reduction in
carbon dioxide emissions and their global warming potential that is considered the most important.

Although many of the renewable energy technologies (e.g. wind and solar) produce no
atmospheric pollutants during operation, there are emissions involved in the other parts of the life cycle
of renewables (e.g. manufacture and construction of the generation and transmission equipment,
decommissioning, etc.). These stages need to be evaluated if an analysis of the avoided emissions from
renewable energy production is to be undertaken.

In recent years several major studies have been undertaken on the through-life emissions of a
range of electricity generating technologies, including renewables (European Commission, 1995 a-d).
The results of these studies and other pieces of work have been reviewed recently in a comprehensive
review of all the environmental impacts of the main renewable energy technologies (ETSU, 1996; IEA,
1996). This paper presents the main conclusions of this review with regard to three types of renewable
energy technology: wind, solar photovoltaics (PV) and solar thermal electrical These results are then
compared to those from both other renewables and conventional generation (coal, gas, diesel and oil)

2. LIFE CYCLE METHODOLOGY

In general, emissions from the manufacturing, construction and transport stages associated with
exploiting renewable energy sources are thought to be equivalent to or even greater than those
emissions arising from the same parts of the life cycles of conventional generating technologies. This is
because renewables convert 'dilute' sources of energy compared to the energy dense fossil fuels and
uranium used in conventional generating systems. Therefore, the collection of these dilute sources and
their conversion to useful energy is expected to require both more machinery and larger structures per
unit of electricity produced, which in turn need more energy in their manufacture and construction

For non-biomass technologies the typical stages of the life cycle are:

Resource extraction;
Resource transportation;
Materials processing;
Component manufacture;
Component transportation;
Plant construction;
Plant operation;
Decommissioning;
Product disposal.

Ideally, each of the life cycle stages listed above should be considered, so as to evaluate the total
emissions from the life cycle of the technology However, an exact analysis of every stage is neither
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possible nor necessary The emissions of most of the major air pollutants (particularly carbon dioxide,
sulphur dioxide, oxides of nitrogen and particulates) are expected to be broadly proportional to energy
use. Therefore, the most important life cycle stages for atmospheric emissions are those with the
highest energy use. Detailed studies of each of the renewable energy technologies have been earned out
using this approach within the ExternE study (European Commission. 1995a) and this has shown that,
for most renewables:

The indirect emissions released during the manufacture of the materials are the most important
(European Commission, 1995a).
Energy use in all of the transportation stages is likely to be negligible. Energy use in freight
transport is typically only 1 MJ per tonne-km for rail (Eyre and Michaelis, 1991) and in road
transport is typically 3 MJ per tonne-km.
Energy use in the extraction of the primary materials used to manufacture both construction
materials (e.g. limestone and aggregates) and components (e.g. iron ore and copper ore) are
typically an order of magnitude lower than energy use in their primary processing (European
Commission. 1995a).
Energy use in the construction, decommissioning and disposal processes is also likely to be at
least an order of magnitude lower than material manufacturing.

In assessing the energy use and emissions from the various technologies, data relating to realistic
sites and technologies have been used, in recognition of the fact that these factors are important in
determining the magnitude of some emissions. Emissions associated with the manufacture of materials
and components are dependent (to some extent) on the generation mix and pollution control regime in
the country of manufacture. Therefore, they vary according to the country of manufacture. In most
cases studied there was an indigenous industry, so manufacture in the country of location has been
assumed; in other cases, manufacture in an appropriate exporting country was assumed.

3. LIFE CYCLE EMISSIONS FROM RENEWABLES

3.1 Wind Turbines

For wind turbines the pattern of energy use and emissions is as described above (i.e. the greatest
energy use and corresponding emissions are associated with the materials used in component
manufacture) The main energy intensive materials used are glass reinforced plastic for the blades,
copper for the generator windings, steel for the remainder of the nacelle and the tower and concrete for
the foundations Steel and concrete constitute the largest portion of the materials required.

Energy use in all of the transportation stages is likely to be negligible. For most of the large
components of wind turbines, the maximum total distance travelled will be less than 1000 km. implying
an energy use of less than 3 GJ/t (European Commission, 1995a). This is around an order of
magnitude less than the energy used in construction and manufacturing.

The total emissions from the most important life cycle stages have been calculated for a range of
different wind turbines within the UK. German and Greek implementations of the ExternE study
(European Commission. 1995a; 1995b; Raptis. Sachau and Kaspar, 1995). Whilst there is some
variation between machines of different design, in general the weights of components for a machine of
typical commercial size are broadly consistent. As an example, values for the total emissions from the
above stages from the German and UK assessments (European Commission. 1995a; Raptis, Sachau
and Kaspar. 1995) from wind turbine construction are shown in Table 1 below.

The German study used the GEMIS data bank for energy use and emissions in the production of
materials used The UK study used emissions data from the primary processing industries in the UK
Both sets of values include the emissions arising from the manufacture and construction of turbines,
foundations, power conditioning components, transformers and the generator and grid connections. For
the former study, the values also include emissions from transport



Table I. Emissions Due to Materials' Processing and Manufacture for Typical Wind Turbines.

Emission

CO2

SO2

NOx
Particulates

CH4

N2O

German data
Tonnes per
turbine

69.0
0.16

0.22
0.05
0.22

7E-04

1

Tonnes per
MW

276
0.60
0.90
0.20
0.90
0.003

g/kWh

6.46
0.015
0.020
0.005
0.020

6.7 E-05

UK data 2

Tonnes per
turbine

190
1.8
0.8

Tonnes per
MW

475
4.5
2.0

g/kWh

9.1

0.087

0.036

1 These values are derived from the specific examples presented in the ExternE report (Raptis. Sachau and
Kaspar. 1995) for a 250 kW rated machine with a 20 year lifetime, based on German emissions data.
2 These values are derived from the specific examples presented in the ExternE report (European Commission,
1995a) for a 400 kW rated machine with a 20 year lifetime, based on UK emissions data.

In all cases, the exact values will vary according to the individual turbine and power rating
chosen but the figures in Table 1 show a typical value for these activities. The main differences arise in
the specific emissions from the generating mix studied, rather than variations in manufacturing - for
example the German electricity generating mix has much lower SO2 emissions than the UK and this is
reflected in the values in the Table. In both cases, the values in Table 1 for life cycle emissions are
around two orders of magnitude lower than from conventional fossil powered generation. For instance.
CO2 emissions associated with centrally generated electricity can range from 400 to 900 g per kWh,
depending on the country and the generating mix (ETSU. 1996).

3.2. Photovoltaics

3.2.1. Emissions from resource extraction, materials processing and production of modules

The manufacture of PV cells is relatively energy intensive. The energy used (and the associated
emissions) in the manufacture of various types of PV cells has been examined in several studies. As
shown in Table 2, the number of life cycle stages considered in each study vary considerably.

Table 2. Life Cycle Studies of PV Systems.

Study

Cell production
considered

Life cycle stages included

Extraction and processing

of cell materials
Module production

Transport
Power conditioning

Mounting

Raptis. Sachau
and Kaspar

(1995)

Mono and Polv
crystalline
manufacture in
Germany

Yes

Yes

Yes
Yes

Yes

ERM

(1995)

Mono and Polv
crystalline, and
CdTe
production in
Spain

No

Yes

Yes
No

No

Hynes et al.

(1994)
CdTe production
in large (10
MWe) European
facility-

Yes

Yes

No

No
No

Engelenburg
and Alsema

(1994)
Tandem based a-
Si cells, current
and future
production
technology

Yes

Yes

No

No
No
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Table 3. Estimates of the Energy Associated with the Production of a PV Module.

Cell Type

Monocrvstalline Si

Poly crystalline Si

A-Si -current'
A-Si - future'
CdTe

Study

(1)
(2)

(1)
(2)
(3)
(3)
(2)
(4)

Electricity

(kWh/kWp)

6,188

4.200

Fuel

(kWh/kWp)

1,476

1,594

Total primary
energy
(kWWkWp)

17,540
3,152

13,167
3,396
9,166 a b

2,020 ab

1,360
2,421 a

Total primary energy

(kWhuAWh)
'Europe

0.88
0.15
0.66

0.17
0.46
0.10
0.07

0.12

'Tropics'

0.52
0.09
0.39
0.10
0.27

0.06
0.04
0.07

Notes:
a Converted from an energy per m2 of module, assuming module efficiencies given in (3) of 6% and 10%

and assuming an efficiency of 10% for CdTe module
b In order to put the studies on an equal basis, and to ensure comparison with other life cycle studies for other

technologies, the energy requirements reported in this study have been adjusted to remove the estimated
contribution from the energy used to produce capital goods' i.e. the manufacturing plant itself. In the
original study this was estimated at about 20% of the total estimated energy requirements.

Studies: (1) Raptis. Sachau and Kaspar. 1995; (2) ERM. 1995; (3) Engelenburg & Alsema, 1994;
(4) Hynes et o/, 1994.

The estimated energy required in extraction of resources, processing of materials and
manufacture of the various PV modules in the studies discussed above, is summarised in Table 3 This
is expressed as total primary energy requirement per kWp and, for two locations, as the total primary
energy requirement per kWh of output. The locations were: Europe (annual output of a system is
assumed to be 1000 kWh per kWp). and the tropics (output is assumed to be 1.700 kWh per kWp per
year). The lifetime of the system was taken to be twenty years in both cases. The lower energy
requirements of thin film cells reflects the less energy intensive nature of their manufacturing process.
For such cells the energy associated with the production of other materials used in the modules forms a
significant part of the total energy associated with manufacture.

The emissions of major atmospheric pollutants associated with this energy consumption are
shown in Table 4 on a per kWp basis and in Table 5 on a per kWh generated basis. The emissions
estimates in studies 1 and 2 are based on a German and UK power mix respectively. The emission
estimates in study 4 assume that all energy in the process is electrical and produced by a UK generating
mix. The basis of the emission estimates in (3) is not known, but appears to be based on a fuel mix
containing a high proportion of low CO; emitting technologies (eg. nuclear and gas) as CO2 emissions
per kWh of energy used in manufacture are relatively low

3.2.2. Emissions from transportation of modules

In comparison with the emissions associated with manufacture, emissions associated with
transport are insignificant For example, in one study (ERM, 1995) CO: emissions associated with
transport of both mono and poly-crystalline modules from Spain to the UK (1050 km by sea and 450
km by truck) were about 3g per kWp. which is only 0.1 to 0.2% of CO2 emissions associated with
manufacture In the case of CdTe modules, where emissions from manufacture are lower due to the
less energy intensive manufacturing process, transport emissions were still only 1% of manufacturing
related emissions.



Table 4. Emissions Associated with the Production of PV Modules (per kWp).

Cell Type

Mono-Si

Polv-Si

a-Si -'current'
a-Si -'future'
CdTe

Study

(1)
(2)

(1)
(2)
(3)
(3)
(2)
(4)

Emissions per

CO2 (kg)
3,845
1,481
2,759
1,560
1,800

440
319

538

kWp

SO2 (g)

5,524
9,396
5,049

9,942
2,500

640
2,385
6,437

NOx (g)
5,273
4,740
4,507
5,013
2,800

700
1J64
2,035

Particulates (g)
322

1,746
218

1,976

1,639
293

Table 5. Emissions Associated with the Production of PV Modules (per kWh of electricity).

Type of Cell Study (g/kWh)

CO2

System installed in 'Europe' (output
Mono-Si

Poly-Si

a-Si -current*
a-Si -'future'
CdTe

(1)
(2)
(1)
(2)
(3)
(3)
(2)
(4)

System installed in the
Mono-Si

Poly-Si

a-Si -current'
a-Si -future'
CdTe

(1)
(2)
(1)
(2)
(3)
(3)
(2)
(4)

192
74

138
78
90
22
16
27

SO2

1000 kWh/kWp
0.28
0.47
0.25
0.50
0.13
0.03

0.12
0.32

NOx
per year.)

0.26
0.24
0.23
0.25
0.14

0.04
0.06
0.10

'Tropics' (output 1700 kWh/kWp per year)
113
44
81
46
53
13
9

16

0.16
0.28
0.15
0.29
0.07

0.02
0.07
0.19

0.16
0.14

0.13
0.15
0.08
0.02
0.03
0.06

Particulates

0.02
0.09
0.01
0.10

n/a
n/a

0.08
0.01

0.01
0.05
0.01
0.06

n/a
n/a

0.05
0.01

3.2.3 Emissions from other system components

PV modules may be used in several types of systems from small stand alone schemes to large
grid-connected power stations. In all cases, other components will be needed in addition to the PV
modules themselves. This could include: a mounting system for the modules, cabling, inverters (if ac
power is required), batteries for storage, etc. The exact type of equipment (and hence the energy and
emissions associated with its manufacture) will obviously depend on the type of application.

The emissions associated with the production of mountings and balance of systems equipment for
two typical applications (a rooftop mounting and a building facade) have been summarised in Table 6
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and Table 7. together with the emissions estimated for production and transport of the modules'. In the
case where PV modules are installed as part of the building facade, it was assumed that conventional
glass would have been used for the facade elements if no PV modules had been integrated. Therefore
emissions associated with the production of these window panes have been avoided and are subtracted
from the total emissions. As the modules installed in the facade are frameless. the emissions associated
with the production of the steel frame are also subtracted. These avoided emissions more than offset
emissions associated with cabling and power conditioning. In contrast, the CO2 emissions associated
with post production stages of the rooftop mounted system are 17% of total emissions associated with
the system. Most of these arise from the materials used for mounting the system. For a system using
CdTe cells where emissions associated with manufacture are less, then emissions from these stages
could be proportionally more significant. It is planned to consider the emissions associated with
balance of systems components in a stand-alone system (e.g. batteries) before the study is completed.

3.2.4. Total life cycle emissions

For rooftop mounted systems, the total life cycle emissions of CO: are estimated to be between
100 and 170 g CO: per kWh produced (depending on location) Life cycle emissions from diesel
generation, which this type of system might replace, are about 710 g/kWh Therefore, PV generation
leads to substantial CO: savings compared to diesel generation.

Table 6. Total Emissions for Roof Mounted System.

Module Production (per kWp)
Module Transport (per kWp)
Mounting (per kWp)
Cabling (per kWp)
Power conditioning (per kWp)

Total per kWp

Total per kWh (Europe)
Total per kWh (Tropics)

CO2

(kg)
2.759

2
489

10
80

3.339

0.167

0.098

so2
(g)

5.050
2

1.499
51

160

6,762

0.34
0.20

NOx

(g)
4,508

30
1,391

54
90

6,073

0.30
0.18

Participates

(g)
218

0
216

4
9

447

0.02

0.01

Table 7. Total Emissions for System Integrated into Building Facade.

Module Production (per kWp)
Module Transport (per kWp)
Mounting (per kWp)
Cabling (per kWp)
Power conditioning (per kWp)

Total per kWp

Total per kWh (Europe)
Total per kWh (Tropics)

CO2

(kg)
2.759

2
-160

56
80

2,736

0.137
0.080

so2
(g)

5,050
2

-71
328
160

5,467

0.27
0.16

NOx

(g)
4,508

30
-456
347

90

4,519

0.22

0.13

Particulates

(g)
218

0
-180

25
9

72

0.004

0.002

1 The same output per kWp has been assumed in both types of system. In practice for the same location, a
building integrated facade may produce less energy, as il the vertical surface receives less energy than the roof
top modules which are tilted.



In applications such as a building facade, the PV system would displace centrally generated
electricity, whose CO2 emissions can range from 400 to 900 g per kWh (ETSU, 1996), so centrally
connected PV systems can also bring about a reduction in overall CO2 emissions. As a rule 'avoided*
CO3 emissions might be expected to increase as PV cell efficiencies increase, and more thin film
production is introduced.

The production of mono and poly-crystalline silicon cells is significantly more energy intensive
than the production of CdTe cells and, therefore, crystalline silicon cells have higher associated
emissions. The position of a-Si cells is not clear as production processes are at a relatively early stage
and are mainly limited to the production of cells for consumer and low power applications. However,
their production processes may show significant improvements in the future. Improved efficiencies of
solar cells, better material usage and higher yields in module manufacture will all help to reduce energy
consumption in the future While emissions associated with production are likely to remain the
predominant source of life cycle emissions, emissions associated with module frames and mounting
structures can also be significant, particularly in the case of CdTe modules. The introduction of
frameless modules for integration into buildings helps to avoid the high energy requirements for
aluminium frame production, thereby reducing the emissions associated with the overall system. In the
future, optimisation of mounting structures may also help to minimise energy associated with ground or
roof top mounted systems (Aulich and Schulze, 1994). Emissions associated with transport of the
modules are insignificant compared to emissions from other stages of the life cycle.

3.3. Solar Thermal Electric Systems

The energy use involved in each of the life cycle stages of a solar thermal electric plant has not
been studied in detail. However some broad conclusions can be drawn from studies which have been
conducted of other renewable energy technologies (e.g. European Commission, 1995a). As discussed
previously these have shown that the life cycle stages with the highest energy use and hence, highest
emissions, are the processing of materials and manufacture of components The energy and emissions
associated with the extraction of the primary materials are typically an order of magnitude lower than
the energy and emissions associated with their processing. A comparison with other technologies which
may also be deployed on remote sites away from dense areas of population (e.g. wind turbines),
suggests that energy use in transport would also be around an order of magnitude less than the energy
used in manufacturing. Energy use in the decommissioning and disposal processes is similarly
estimated to be negligible Therefore, the pattern of energy use in the life cycle stages of solar thermal
electric plant is assumed to be similar to other renewable energy technologies, i.e. the dominant energy
use and concomitant emissions are associated with the materials processing and component
manufacturing stages.

As indicated above, to a large extent, energy use can be quantified against materials use, which is
different for the three types of solar thermal electric technology: parabolic trough systems, parabolic
dish systems and power tower systems.
—A parabolic trough system concentrates solar energy onto receiver tubes at the foci of each of an

array of reflective parabolic troughs. These tubes contain water or oil. which, when heated, is
passed to a power generation plant where it is used to produce steam for generation.

-A parabolic dish system concentrates the sun's energy at the focal point of a reflective parabolic dish,
where it is used to heat a working fluid or gas. The fluid can then either be used directly in a
small engine generator attached to the receiver, or else pumped to a central power conversion
system.

-A power tower system uses a large number of slightly curved mirrors to concentrate solar energy onto
a heat exchanger located in a central tower, where heat transfer fluid is used to raise steam for
electricity generation.

As an initial guide to the life cycle emissions, a preliminary evaluation was carried out on the
parabolic dish technology currently deployed at the Plataforma Solar in Almeria, Spain (Blezinger.



1994). This comprises three stretched-metal-membrane dishes, each with a diameter of 7.5 m. The
reflecting surface is provided by 0.9 mm thick glass mirrors glued to the front side. Each dish
concentrates the sun's rays onto a 9 kW Stirling engine, which is designed to operate at insolation levels
above 300 W/m: This represents the robust, cheap type of technology that can be deployed in remote
areas The energy and emissions data for manufacturing and processing the materials in the dish, the
Stirling engine and the electrical generator were calculated. The results have been listed in Table 8. It
should be emphasised that these are preliminary findings and are applicable only to this specific
scheme. Clearly the results will vary with location (insolation levels) and technology chosen (different
types of parabolic dish, parabolic trough and power tower). Nevertheless, they indicate that emissions
from solar thermal technology are about an order of magnitude less than those from conventional fossil
fuel technologies. More detailed studies of this technology are required.

3.4. Comparison with Other Renewables

The life cycle emissions of all the main renewable technologies in the power sector have been
evaluated in a similar way (ETSU. 1996) by reviewing and (where necessary) supplementing the
considerable body of work carried out on the life cycle analysis of power production systems (e.g.
European Commission, 1995a). Values for the main new renewable energy technologies are shown in
Table 9 Emissions incurred during manufacture and construction were generally those associated with
the average generating mix for the country in which the renewable scheme was assumed to be located,
hi cases where there was no indigenous manufacturing capability, manufacture in a suitable exporting
country was assumed This generating mix varies from country to country and is likely to vary with
time. Therefore, the values for the life cycle emissions should be taken as indicative rather than
definitive.

In the case of renewable technologies that involve the combustion of biomass (e.g. energy crops,
agricultural and forestry wastes, landfill gas and waste incineration), some or all of the carbon in the
CO; emitted during combustion was recently sequestered from the atmosphere. The technologies
merely recycle this carbon and so. in terms of global warming, these technologies are "CO; neutral".
This is the case for all of the CO2 released from energy crops, agricultural and forestry wastes and
landfill gas. However, some of the carbon released during incineration of municipal waste was derived
from fossil fuels (e.g. plastics), so account was taken of the relative proportion of biomass to fossil fuel
carbon in the waste stream for this technology.

For the renewables evaluated, lower life cycle emissions are associated with those schemes that
exploit a concentrated renewable resource This resource could be concentrated with respect to time
(e.g. stored sunlight in growing crops) or with respect to distance (e.g. wind). In general, the life cycle
emissions for the renewables shown in Table 9 are small compared to the emissions they displace from
fossil fuel plant (typically 1-10% of those from a fossil fuel plant, depending on the pollutant and the
renewable technology). The latter have been derived for these technologies operating in the UK and are
listed for comparison in Table 10.

Table 8. Emissions due to Materials Processing and Manufacture of a Representative Parabolic Dish
Solar Thermal System. '

Emissions Emissions
(kg/dish) (g/kWh)

CO; 12.000 60
SO; 98 0.5
NO. 45 0.2

1 These values are preliminary and have been derived from a specific scheme. They will van according
to the individual technology chosen and its location.



Table 9. Life Cycle Emissions from Renewables.

CO,

so^
N0x

Energy Crops
Current
Practice
(g/kWh)

30-40
0.08-0.16

1.1-2.6

Future
Practice
(g/kWh)

30-33
0.06-0.08
0.40-0.55

Hydro
Small-
Scale

(g/kWh)
8.6

0.03
0.07

PV

(g/kWh)
98-167

0.20-0.34
0.18-0.30

Solar
Thermal

(g/kWh)
61

0.50
0.23

Wind

(g/kWh)
6.5-9.1

0.02-0.09
0.02-0.36

Table 10. Life Cycle Emissions from Conventional Electricity Generation in the UK.

CO^
SO:
NOX

Best
Practice
(g/kWh)

954.6
11.82
4.34

Coal
FGD&

Low NOX

(g/kWh)
986.5
1.49
2.93

Oil
Best

Practice
(g/kWh)

817.9
14.16
3.99

Gas
CCGT

(g/kWh)
429.8

-

0.494

Diesel
Embedded

(g/kWh)
772.0
1.55
12.30

Source: ETSU (1995)

4. CO2 SAVINGS

4.1. Predictions of Future Renewables Deployment

In order to assess the potential reductions in emissions of greenhouse gases and other air
pollutants which renewables may offer, it is essential to have an estimate of the likely scale of their
future deployment. There have been several major studies of the global scope for renewables in the
future, some of the most important of which have been carried out by the IE A (1995), the World
Energy Council (WEC. 1993). and the United Nations Solar Energy Group on Environment and
Development (UNSEGED, 1993) In a comparison of these three studies, it was found that while there
was inevitably some disagreement between their predictions (due to the different models, scenario
assumptions, timescales, etc. adopted), there are several common trends and themes.

The IEA and WEC models predict similar proportional rates of growth for renewables, albeit
from different initial levels of deployment This applies to both their capacity constraints/current
policies and energy savings/ecologically driven scenarios The different timescales of the UN
study do not allow comparison of these rates
Extrapolation of the WEC data (from 2020 to 2025) forecasts levels of deployment of new
renewables and hydro that are close to those predicted by the UN study.
All three studies show that positive policy decisions can have a large influence on the rate of
deployment of renewables and may be required if new renewables are to make a significant
contribution to future energy supply.
All models show that there is an important contribution to be made by renewables outside the
electricity generation sector, including traditional biomass and production of alternative fuels

The results from all three studies can be combined to indicate the likely trend in renewables
deployment They point to relatively modest growth in the short term, whilst their generating costs are
gradually reduced As more technologies become economically competitive, accelerating growth is
predicted in renewables deployment over the medium term This will finally be followed by a slowing
down in deployment, corresponding to nearly full penetration of their share of the market This
behaviour is typical of a normal "S-curvev penetration of a market by any new commodity



The similarity of the trends envisaged by all three studies gives confidence in their use as a guide
to the possible future levels of deployment of renewables. For the purposes of this study, the results
from the World Energy Council have been adopted, since these give the most detailed information on
individual renewable technologies. However, it should be noted that these results are limited to 2020
and so underestimate the full potential of renewables. The predicted levels of deployment in the WEC
scenario are shown in Figures 1 and 2 for the two scenarios considered (Current Policies and
Ecologically Driven).

The Current Policies (CP) scenario assumed continuation of existing trends (e.g. low fossil fuel
price increases, steady increases in energy efficiency, modest increases in penetration of
renewables, etc.), under which the new renewables (biomass, geothermal, small-scale hydro,
solar and wind) are expected to grow at an increasing annual rate. Considered together with
large-scale hydro, renewables would have an annual output of 6,500 TWh by 2020.
corresponding to over 25% of the global electricity demand predicted for that year.

- The Ecologically Driven (ED) scenario assumed faster and more extensive penetration of
renewables arising from a range of measures (greater cost reductions for renewables. enhanced
environmental concerns, higher costs of fossil fuels, etc.). Considered together with large-scale
hydro, these renewables would have an annual output of 9,200 TWh by 2020, corresponding to
about 45% of the total, global electricity output predicted for that year.

In both scenarios, there was further scope for "significant" increases in deployment of most
technologies beyond those predicted for 2020.

4.2. Displaced Emissions

Because of the different emission characteristics of conventional technologies, it is important to
identify which type of plant is displaced by renewables when estimating the reduction in emissions they
may bring about. In practice, this would require a detailed breakdown of the operating characteristics
of existing and potential future plant, which would be impossible to obtain. Therefore, in order to
accommodate the range of possible generating stations that might be displaced, three different
assumptions have been used.

(i) Renewables displace combined cycle gas turbines (CCGT). Whilst this is unlikely in practice,
the displacement of this high efficiency" fossil fuel technology gives rise to a 'lower bound" for
the environmental benefits of renewables. in terms of carbon dioxide abatement A true lower
bound would be the displacement of nuclear stations but this is unlikely because such plant is
generally used as base load.

(ii) Renewables displace modern coal plant (pulverised fuel with flue gas desulphurisation and low
NOX burners - PF-^FGD). This is a comparatively low efficiency, fossil fuel technology, whose
displacement would give rise to an upper bound' for carbon dioxide abatement.

(iii) Renewables displace the current generating mix. This assumes that the emissions avoided are
those arising from the current generating mix. which would include hydro and nuclear as well as
fossil fuel stations. This assumption would give rise to an 'average' for the environmental
benefits for carbon dioxide abatement.

These savings have been modelled for the three main emission gases: carbon dioxide (CO2),
sulphur dioxide (SO2) and oxides of nitrogen (NOX). In each case, the emissions associated with coal,
oil and gas generation were calculated taking into account energy losses arising both from extraction
and processing of the fuel (ETSU. 1995), as well as from generation and regional distribution losses.
These factors for the different technologies were then applied to calculate i and li above, or else
combined with the regional mix of generating plant to calculate emission reductions from displacing the

: "Efficiency" in this context refers to the amount of electricity generated per unit of CO2 emitted.



current generating mix (IEA, 1995b). The latter could not be performed for SO2 and NOx emissions
owing to lack of information on fuel composition, deployment of abatement technologies, etc.

Figure 1. Growth m Annual Output of New Renewables - Current Policies Scenario.
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Figure 2. Growth in Annual Output of New Renewables - Ecologically Driven Scenario.
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The potential for renewables to reduce emissions associated with power generation was
calculated by subtracting their life cycle emissions from the life cycle emissions of the conventional
technologies that they displace The emissions which would be displaced under the two WEC
scenarios, are shown in Figures 3 to 5 for the three pollutants CO:. SO2 and NOX respectively.

In addition to these true emission savings, the displaced emissions under these scenarios are also
shown, assuming that renewables have zero life cycle emissions,. The inclusion of the life cycle
emissions of renewables, reduces the displaced emissions by an amount dependent on the pollutant. For
CO2, displaced emissions are reduced by about 5%, whereas for SO2 and NOX, the inclusion of life
cycle emissions has a more significant effect, reducing displaced emissions by 10% and 16%
respectively

These predictions clearly show that, even on a life cycle basis, renewables still offer a substantial
opportunity to reduce emissions associated with electricity production. Under the Ecologically driven
scenario, the deployment of renewables in 2020 could lead to reductions of between 3650 and 8375 Mt
in annual CO: emissions, depending on which fossil fuel technology they are assumed to displace

Figure 3. Displaced CO2 Emissions in 2020 with and without Life Cycle Emissions from
Renewables.
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Figure 4. Displaced SO2 Emissions in 2020 with and without Life Cycle Emissions from Renewables.

18

3
C

14

I 10
<n

-2

-6

Ecologically Driven Scenario Current Policies Scenario

Life-Cycle
Emissions

Zero
Emissions

life-Cycle
Emissions

Zero
Emissions

Lower Bound - CCGT; Upper Bound - Coal (PF+FGD). Source WEC (1993)

Figure 5. Displaced NOX Emissions in 2020 with and without Life Cycle Emissions from Renewables
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5. CONCLUSIONS

Renewable energy is a well-established energy source that already makes a significant
contribution to world energy supply In 1990. it accounted for over 18% of global electricity
generation. It is generally agreed that the deployment of renewables (especially the newer technologies
of energy crops. PV. solar thermal and wind) will grow significantly in the short to medium term and
compliment conventional methods of electricity generation This growth will be fostered in part by
government and institutional policies, primarily because renewables are considered to have significant



environmental benefits, particularly the avoidance of emissions normally associated with electricity
generation (e.g. CO2, NOX, SO2. etc.).

Many renewable energy technologies (e.g. wind and solar) produce no atmospheric pollutants
during operation However, there are emissions involved in the other parts of their life cycle (e.g.
manufacture and construction of the generation and transmission equipment, decommissioning, etc.). In
order to quantify the true emission reductions associated with renewables, a review has been carried out
of the life cycle emissions from renewable energy schemes. This has shown that these life cycle
emissions are small compared to those of fossil fuel technologies, when evaluated in terms of emissions
per kWh generated (often by over an order of magnitude). For instance, the life cycle emissions of CO2

from wind. PV and solar thermal electric systems were calculated to be about 6 5-9.2. 98-167 and 61
g/kWh respectively (depending on the location and type of technology). Other renewables have life
cycle emissions of between 8.6 and 40 g/kWh. whilst the emissions from fossil fuel stations vary
between 430 and 987 g/kWh (for combined cycle gas turbine and best practice coal respectively)
Therefore, even on a life cycle basis, renewables can be considered as an important method of achieving
significant reductions in emissions of pollutants. For example, by 2020 between 3650 and 8375 Mt of
CO: could be displaced annually (depending of the technology that they displace) using the deployment
predicted under the World Energy Council's "Ecologically Driven" scenario.
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Biomass Combustion of agricultural and forestry wastes
Digestion of wet and 'green' agricultural wastes
Landfill gas from municipal wastes
Incineration of municipal wastes
Combustion of energy crops

Geothermal High temperature subterranean waters

Large-scale schemes
Small-scale, high head schemes
Small-scale run of river schemes

Solar Photovoltaics
Solar thermal

Grid-connected or stand alone turbines
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V systems

Study

Cell production
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Life cycle stages included
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of cell materials
Module production
Transport
Power conditioning
Mounting
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Cell Type Study Electricity Fuel

Monocrystalline
Si

Polycrystalline Si

A-Si -current"
A-Si - "future"
CdTe

(I)

(2)

(1)
(2)

(3)

(3)

(2)

(4)

Total primary
energy

Total primary
energy

(kWh/kWp) (kWh/kWp) (kWhth/kWp) (kWhth/kWh)
'Europe" "Tropics
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24

12

0.

0.

0.

0.

0

0

0.

33

39

36

27

06

14

07

Slide serial no 9

AHA Technology pic



jfiSM-HS

Xfl

GO
CO

-Si

&i

6J

p. OO
T=«^ ^\J T ™ ^

r1- »n o 60
•^f >̂ f «n < N

S c4 -̂T

O

2.5

n

8

n
oo
m
ri

oo

tu

CO

CO



I* *

:e cycle emissions
Roof Mounted System

Module Production (per kWp)
Module Transport (per kWp)
Mounting (per kWp)
Cabling (per kWp)
Power conditioning (per kWp)
Total per kWp
Total per kWh (Europe)
Total per kWh (Tropics)

Building integrated System

Module Production (per kWp)
Module Transport (per kWp)
Mounting (per kWp)
Cabling (per kWp)
Power conditioning (per kWp)
Total per kWp
Total per kWh (Europe)
Total per kWh (Tropics)

CO2

(kg)
2,759

2

489

10

80

3,339

0.167
0098

co2
(kg)

2,759
2

-160
56

80

2,736
0.137
0.080

SO2

(g)
5,050

2
1,499

51
160

6,762
0.34
0.20

SO2

(g)
5,050

2

-71

328

160

5,467
0.27
0.36

NOX

(g)
4,508

30

1,393
54
90

6,073
030

0.18

NOX

(g)
4,508

30

-456
347

90

4,519

0.22
0.33

'• l'WdAKA

Particulates

(g)
218

0

216

4
9

447
002

0.01

Particulates

(g)
218

0

-180
25

9

72

0.004
0.002

Slide serial no 1 1

Technology pic



m I^MM^

^

en

m

en en

en
en

en

en

en
en

en



en

o o

X

C5

V1 «~CN



Wind

Solar Thennal

PV

Small-scale Hydro

Energy Crops - n"'"^-T"-"'-"v""
*-" -^ * t .rill'... \ V". H.

Present
Energy Crops -

Future

0 50 100 150

Slide serial no 14
1996 ABA Technology pic



Wind

Solar Thermal

PV

Small Scale Hydro

Energy Crops - Present

Energy Crops - Future

200 600

Life Cycle Emissions (g/kWh)

Slide serial no 1 5
'• 1W6 AHA Technology pic



iNOx

|SO2
Gas

Diesei

Coal

Wind

Solar Thermal

PV

Hydro

Energy Crops - Present

Energy Crops - Future

Landfill gas

Incineration

6 8

Emissions (g/kWh)

10 12 14

Slide serial no 16

<-• 1 996 AHA Technology pic



si

- 202̂

.s:

Slide serial no 17
<• l l)96 AHA Technology pic



1 1 1 1 1 j 1 1 1 1_LJUO_J.

o oo oo o
o ooo

o
O

O

o

O

o

O
O

"C3

C/0!

OH

D

4^

o

cS

S o

II



112/

— '_)
y ; -Li

en v3

en
en
en

in
en

en



s

'e
H
-a

J2
a.

3
C

e

10,000

8,000

6,000

4,000

2,000

0

Ecologically Driven Scenario Current Policies Scenario

111111
III

;;;%:;:;i3SHI
HI

Lo

2000 2010 2020 2000 2010 2020

Lower Bound - CCGT; Middle Line - Current Generating Mix; Upper Bound - Coal (PF+FGD)

Slide serial no 20

<• 1996 AHA Technology pic



£ 10,000

si
on

s
I 

E
m

is
ac

e<
1 

D
is

p
l

n
n

u
a

8,000

6,000

4,000

2,000

0

Ecologically Driven Scenario Current Policies Scena

§111111

;**feSSSS:'B
: - ; - ; - ; • ; • : • : • : • : • : • : • : • : • ; - : • : - ; • : •
• ; • : - : • : • : - : • : • : • ; • : - ; - ; • : • ; • ; • ; • ; - :
: - : • : - : - : • : - : - : - ; • : • ; - ; • ; - ; - ; • : • ; • ; •
.-.y.yy.y.-.yyyy.y.y
•.•.•.y.yy.y.-.yyy.-.y.
.yy.y.y.y.-.y.y.y.y

Life-Cycle Zero
Emissions Emissions

Life-Cycle Zero
Emissions Emissions

Slide serial no 2 1

<" \Wt-> Ai:A Technology pic



play a sig

By 2020: 25% -
Large reduction i 2>

x

ite, EIA,

Slide serial no 22

14% AliA Technolog\ pic



Full-energy-chain analysis of greenhouse gas emissions for solar
thermal electric power generation systems
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Abstract

Technical attributes and environmental impacts of solar thermal options for centralised
electricity generation are discussed. In particular, the full-energy-chain, including embodied
energy and energy production, is considered in relation to greenhouse gas emission arising from
solar thermal electricity generation. Central receiver, parabolic dish, parabolic trough and solar
pond systems are considered.

1. Introduction

That there is discernable human influence on global climate has been accepted by
governments as authoritative [IPCE, 1996] and necessitating more intensive international action
to reduce greenhouse gas emissions. The competing technologies that may contribute to this goal
need considered from the fullest perspective if decision makers are to be informed correctly and
formal policy analysis tools [see for example Hope et al, 1993] applied validity. As a contribution
to developing a sound technical base on which policy can be built, the technical attributes and
environmental impacts of solar thermal options for centralised electricity generation are discussed.
In particular, the full-energy-chain, including embodied energy and energy production, is
considered in relation to greenhouse gas emissions arising from solar thermal electricity generation
via central receiver, parabolic dish, parabolic trough and solar pond technologies.

2. Solar Electricity Generation Options

Demonstrated technologies for large-scale generation of electricity from solar energy are:

(i) central receivers, consisting of solar reflector heliostats that focus energy to a receiver
mounted on a tower

(ii) parabolic dishes that remain focused on the sun with the aid of tracking devices. Each
dish concentrates the suns rays to their central point

(iii) parabolic troughs which focus insolation onto a tubular absorber
(iv) non-convecting solar ponds which provide integral solar energy collection and medium

temperature energy storage,
(v) photovoltaics which convert solar energy to electricity directly.



This paper considers issues related to the full-energy-chain analysis of greenhouse gas
emissions for the first four solar thermal options listed. Their context in the broad range of solar
thermal collectors is shown in Figure 1 [Norton, 1992]. Solar thermal electric systems first convert
solar heat energy into mechanical energy in a turbine or engine, then into electricity using a
conventional generator. Solar thermal electric plants generally consist of a solar collector field,
power generator and ancillary working fluid and electrical distribution systems. Since the amount
of energy harnessed depends on the insolation, performance is location dependent. Broad
projections of the performance of current and next generation technologies are provided in
Figure 2.

7
COLLECTOR TYPE

NAME SCHEMATIC DIAGRAM

CONCENTRATION
RATIO. C,
FOR DIRECT
INSOLATION

INDICATIVE
TEMPERATURE
OBTAINED
T (K)
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FIGURE 1

SOLAR ENERGY THERMAL COLLECTORS
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ANNUAL AVERAGE EFFICIENCY OF SOLAR THERMAL ELECTRIC OPTIONS

Previous research has compared photovoltaic with fossil fuel, nuclear, wind (see, for
example, Schaefer and Hagedom, 1992) and hydro electricity generation. Non-fossil options
incur most energy and materials consumption prior to operation. For fossil fuels most energy is
used in operation. Taking into account full-energy'chain life-cycle analysis: coal, oil and gas
systems emit respectively 270, 190 and 180 grams of carbon as carbon dioxide per. kWh
generated. Hydro, nuclear and photovoltaics emit respectively 5, 6 and 35 grams of carbon per
kWh [Uchiyama, 1995]. However such estimates are subject to debate; for example, current
carbon dioxide emissions for hydropower do not include those from rotting vegetation in dam
reservoirs. It is envisaged that technical advances and process improvements will reduce
greenhouse gas emissions associated with electricity generation; a gas combined cycle emits 140
grams of carbon per kWh compared to 190 g/kWh with current gas fired stations. Advanced
nuclear reactors with closed fuel cycle may emit under 3 grams of carbon per kWh compared to
6 g/kWh with current nuclear technology. Photovoltaic systems, using amorphous silicon, for
example, will emit 8 grams of carbon per kWh compared with the 35 g/kWh of photovoltaic
power plants now [Uchiyama, 1995, Hirschberg, 1995].



3. Environmental Impact

Hazards from hot viscous fluids, focussed insolation and pollution of water resources are
associated with solar thermal electric plants. Normally air pollution is minimal. There is little
waste to be disposed of, however inadvertant discharge of hydrocarbons, oils, corrosion
inhibitors, bactericides and glycols could threaten health (via ingestion or skin contact) and water
resources. The land area, about 0.4 ha/MW, required for a solar thermal electric plant is similar
to conventionally-fuelled electricity generaton due to the large area associated with collector
systems and associated generating plant, ancillary and office buildings, through landscaping and
siting away from residential areas may relieve visual impact. Ecological impacts can include loss
of and/or changes to natural habitats and, for very large systems, microclimatic changes due to
local heat balance changes [OECD, 1988]. Most sites considered currently for solar thermal
electric systems are located in arid deserts. Though there is little human habitation, there exist
fragile ecologies which require assessment to ensure siting minimizes impact. Planning,
construction and operation must be cognizant of the high soil erosion and habitat loss potential.
Disruption due to construction traffic is less than for fossil fuel or nuclear plants as construction
is more rapid. As light accidentally focussed off-axis may cause eyesight injuries, insolation must
not be reflected at houses, offices and roads and those nearby must wear appropriate eye
protection. Secondary uses for land, however, such as cattle, sheep or goats grazing where grass
can grow between the collectors remains practicable. Noise associated with solar thermal facilities
from fans, pumps, turbines and cooling towers is similar to that of a steam generating plant.
However, with the exception of heat-storing solar ponds and, to a certain extent, molten salt
storage systems, noise would only be generated during the day because at night the plant will be
unable to operate. Solar thermal electric generation options do not pose radioactive waste
materials disposal problems nor the major ecological and social impacts of the valley-flooding
associated with hydropower.

The evaluation of solar energy technologies from an ecological point of view requires
assessment of the full-energy chain arising from the entire manufacturing process [Baechler and
Lee, 1991]. However, due to the wide variety of solar systems and the methodological
complications of the assessment procedure, there is considerable divergence of opinion as to the
level of environmental damage caused by solar technologies. Some estimates indicate that the
environmental impact afforded by solar systems is far greater than the one attributed to
technologies using fossil or nuclear fuels [Bezdek, 1993]. Ecological evaluations are also broader
than consideration of energy and CO2 emissions and may include qualitative as well as quantitative
components which cannot be readily summed. In general, solar energy technologies require larger
areas of land on which the environmental impacts are less intensive compared to that required for
conventional fossil or nuclear energy technologies. The nature of the impacts may be visual rather
than physical and not insignificantly, they may be much more readily reversed if necessary in the
future.

The four fundamental principles underlying sustainable development, futurity, equity,
public participation and environment [Mitchell et al 1995] may be more readily achieved with
solar energy technologies than technologies using fossil or nuclear fuels.

The fuel cycles of conventional energy production (eg coal, nuclear) incur significant
environmental impacts apart from the emission of CO,. For example, a 1000 MW nuclear power
plant consumes only 36 tonnes of processed and enriched uranium fuel, but this necessitates the
minimum of 85.5x10J tonnes of ore per year which produces toxic tailings containing arsenic,
cadmium and mercury as well as radionuclides. Conversion to enriched uranium fuel necessitates
processing with fluorides, again generating large quantities of toxic wastes [Masters, 1991]. For



coal powered plant approximately one hundred times as much coal (94.5x105 tonnes per year) is
required to produce the same quantity of electricity. The mining and processing of this fuel has
impacts which will differ depending on the type of mining employed. Underground mines may
have relatively low visual impact but lasting effects on ground stability and water tables, while
open cut mines have severe visual impact as well as other lasting environmental impacts. Clearly,
with solar energy technologies such fuel cycles are eliminated as well as the associated
environmental impacts.

4. Technologies

The operation and efficiency of a solar thermal electric system depends upon:
• details of the technical specification and mode of operation;
• the materials used for the system (eg quality and durability of reflectors [Jorgenson,

1993]); and
• the incident insolation

When compared to fossil electricity generation systems, solar thermal electric is
characterised by a greater share of total environmental impact attributable to fabrication and
installation compared to the operation phase.

4.1 Parabolic Trough

Parabolic troughs have found application in a full range of solar heating and cooling
applications (see, for example, Eames & Norton 1993a, 1993b and Prapas et al 1987). Solar
thermal electricity generation relies on the collection of solar heat at temperatures sufficiently high
to produce electricity generation using a heat engine. Although small plants appeared early in the
20th century in the USA and Egypt, the use of these on a large scale was delayed until the last
decade by inexpensive fossil fuel generation. Reliable solar thermal electricity generation using
parabolic troughs has been demonstrated commercially. The world's largest solar power plant,
the Luz Solar Electric Generating System has operated in California. About 2,500,000 m2

collectors generated 354 MW of electricity. Once accounting for more than 95% of the world's
solar power production, this group of installations was larger than the 1990 global installed
photovoltaic electricity generation. The cost of electricity produced, at SUS0.08 per kWh(e), was
also lower than photovoltaics. It has been anticipated that the next major improvement in this
technology would result in electricity generation costs of 5.5 cents per kilowatt-hour in areas of
high solar insolation. This is less than both the projected cost of electricity generated from "clean
coal" technology and the 8 kWh US Department of Energy threshold for likely growth in the use
of solar photovoltaic technology. Current commercial solar thermal electricity generation uses
collectors which comprise an evacuated-annulus receiver consisting of an inner stainless steel tube
mounted in a concentric evacuated cylindrical glass envelope, which serves to minimize
convective and conductive losses. Relatively large-diameter absorber tubes are necessary to
facilitate adequate flow rates and pressures for the heat transfer fluid. To limit radiative losses,
the outer surface of the inner steel tube is coated with selective surface with an emittance of about
0.17. High concentration ratios of more than 25 remain necessary, which requires reflector
apertures about 80 times the tubular absorber diameter. For a representative example of current
technology each collector has an aperture area of 545 square metres and uses 224 glass mirror
segments. An 80 MW(e) plant utilizes nearly 900 such collectors.

A north-south axis orientation has been used in Californian installations to give the
summer bias to annual electricity production which is needed by a summer-peaking electricity



/ft
utilities. On an annual basis, north-south tracking delivers less solar radiation than a two-axis
tracking configuration so the reflector is large to compensate for this.

4.2 Central Receiver

Central receiver technology, such as the Solar One 10 MW(e) station in the United States,
and the more recent Solar Two and Phoebus plants use a distributed field of planar reflectors
called heliostats to reflect solar radiation at high concentration upon a central receiver. With
molten salt energy storage, as in Solar Two, it potentially it offers high levels of availability at
night. The 10 MW Solar Two molten salt storage power tower effort will demonstrate the
technical and economic performance of this technology from 1996-1998.

A 3MW heat central receiver facility has been operating at the Weizmann Institute in Israel
for research purposes since 1988. An heliostat field provides a primary concentration ratio of
1000-2000.

4.3 Parabolic Dish

Two-axis tracking collectors such as point focus paraboloidal dishes achieve much higher
solar radiation concentration than single-axis troughs, exhibit low heat losses and face incident
insolation directly at all times [Noyes, 1990]. They can collect over 25% more energy per unit of
collector area than parabolic troughs.

At Tennant Creek in Australia, parabolic dish technology provides 2 MW electric input
from solar thermal. If the plant proves successful in its demonstration phase, there are plans to
build a series of prototype installations to demonstrate the commercial viability of high
temperature solar thermal power generation technology. Though have been reasonably large scale
solar thermal projects using both heliostats and parabolic trough technology, there have not been
any significant attempts to build a plant of any reasonable size utilising parabolic dishes before the
Tennant Creek solar thermal project. The plant will utilise a steam turbine with a net electrical
output of 4 MW, with 2 MW of solar contribution. The parabolic dish to be used has a nominal
25 metre diameter. The main benefits of the parabolic dish to be used for the project are space
frame construction giving low cost per square metre mirror area compared with central receivers
and troughs and the direct production at the dish of superheated steam

TABLE 1
TENNANT CREEK DEMONSTRATION PLANT OUTLINE TECHNICAL SPECIFICATIONS

Parabolic Dish
Area:
Diameter:

Energy rating:

Steam Turbine
Gross electrical output:
Net electrical output
Solar contribution:
Steam inlet conditions:
Steam flow at rated output:
Generator:

400 nr
25 metres
approximately 300 kW thermal at 1000 W/nr
insolation

4.4 MW
4MW
approx 2 MW
42.4 bar abs, 454 °C
18930 kg/hour
11 kV at 0.8 power factor, 3 phase



Much research is underway, in the USA and Germany in particular on dish technology.
This work aims to reduce cost and materials content and improve overall efficiency. Stretched-
membrane concentrators could cost as much as 40% less than today's solar concentrator designs
based on glass mirrors. A stretched-membrane dish concentrator [Mancini, 1991 ] uses an optical
surface of aluminized polyester film. Such a concentrator can produce a concentration ratio of
about 5,200. Research has also quantified the effect of operation and maintenance on the life-cycle
costs of the Stirling Engines employed in dish systems [Stone et aL 1994].

4.4 Solar Ponds

Solar ponds have a one to two metre salinity gradient which stops the process of water
convecting when heated. Large quantities of salt dissolved in the hot lower layer of the pond
render it too dense to rise to the surface and cool. There are three main layers; the top layer is
cold and has relatively little salt content, the bottom layer is hot - up to 100°C and has a 20% salt
concentration, there are separated by a non-convecting layer of increasing salt concentration.
During the winter of 1987 the surface of the El Paso, USA, Solar Pond was frozen while 2.3m
below the ice the temperature remained at 70°C - hot enough to generate electricity with an
organic Rankine cycle engine.

The upper-convecting zone (UCZ), of almost constant low salinity at close to ambient
temperature is typically 0.3m thick results from evaporation; wind-induced mixing and surface
flushing. Wave-suppressing surface meshes and placing windbreaks near the pond keep the UCZ
as thin as possible. The non-convecting zone (NCZ), in which both salinity and temperature
increase with depth inhibits convection and thus provides the thermal insulation. The lower-
convecting zone (LCZ), of almost constant, relatively high salinity (typically 20% by weight) at
a high temperature. Heat is stored in the LCZ which is sized either to supply energy continuously
throughout the year for power generation or provide interseasonal heat storage for space heating.
As the depth increases, the thermal capacity increases and annual variations of temperature
decreases. However, large depths increase the initial capital outlay and require longer start-up
times.

Salt gradient lakes, which exhibit an increase in temperature with depth have occurred
naturally in Transylvania, in California and Washington State, USA, in the Arctic, Venesuela,
western Uganda, and on the east coast of the Sinai Peninsula. If the eight largest natural saline
lakes were converted to salinity gradient solar lakes for electric power production, the output
would be approximately 100,000 MWof base-load capacity. The technology is, however, not
ready for implementation on this scale. Barriers to the implementation of solar ponds include the
lack of demonstration of reliable and easy-to-use solar pond lining and operating systems and a
mismatch between suitable sites and either local loads or ready access to grid distribution. For
areas (such as the southwest USA) with salt resources, brackish water, and natural salt lakes,
solar ponds are a significant potential resource.

The application of solar ponds for electric-power production usually employs an organic
vapour Rankine cycle engine to convert solar-pond heat to mechanical work, and then into
electricity. To obtain a low cost per unit generated power, solar ponds of several square
kilometres are required. Significant economies of scale are associated with salinity-gradient solar
ponds arising from savings in excavation, lining, salt and power generation equipment costs. Low-
cost ponds of lO^nf or larger have been estimated to produce medium-grade, thermal energy at
costs competitive with the current price of delivered heat from natural gas and significantly below
that for oil. The site for a solar pond should be near a cheap source of salt, an adequate source
of water, incur low land costs, and experience an all-year solar exposure. The pond must not



pollute aquifers nor lose heat via underground water streams passing through an aquifer. Any
continuous drain of heat will lower the pond's storage capability and effectiveness. Stormy
regions should be avoided in order to limit wind surface mixing effects.

Species of freshwater and saltwater algae grow under the conditions of temperature and
salt concentration that exist in a stratified solar pond. Algae and cyanobacteria growth will inhibit
solar transmittance and, for the latter, possibly, be toxic too. Different algae and cyanobacteria
species are introduced by rain water and airborne dust. To prevent algae formation, copper
sulphate has been added at a concentration of about 1.5 mg 1' [Abdel-Salam et al, 1984].

A solar pond will cease to function without maintenance of the vertical salt gradient
stratification. The stability of the salt gradient is maintained by controlling the overall salinity
difference between the two converting layers inhibiting internal convection currents if they tend
to form in the NCZ and limiting the growth of the UCZ.

A Solar Pond Power Plant (up to 5 MW in 1984) was built in Beit Ha' Arava at the
northern end of the Dead Sea in Israel. The low temperature heat from the solar pond operated
on Organic Rankine Cycle vapour turbine. The plant is not in operation, as the running cost
made the electricity higher than the prevailing electricity price.

5. Material requirements

The material requirements of the typical system presented in Table 2, refer to the
materials used for mirror construction essentially of aluminium and small quantities of coating and
welding materials. As a reference point, an example of full energy chain emissions calculated for
solar domestic hot water systems in terms of materials content (rather than energy production)
[CEC, 1995] are provided in Table 3. As with many such inventories, their present status is more
a position in an on-going debate rather than a definitive statement. For example the figure for
copper SO2 emissions in Table 3 may be too low; copper ones are sulphides, of which a large
amount has to be processed to their 0.5-2% copper.

TABLE 2

TOTAL MATERIAL REQUIREMENTS OF A TYPICAL ALUMINIUM REFLECTOR

Material Weight (kg n r )

Aluminium 3.2
Welding material 0.4
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TABLE 3

EMISSION RATES OF THE PROCESSING ACTIVITIES INVOLVED IN THE
MANUFACTURE OF DOMESTIC SOLAR WATER HEATERS SYSTEMS [CEC, 1995]

Material processing
CO, SO, NO,

(in kg of pollutant per tonne of material)

Aluminium
Steel
Copper
Insulating materials

21,458
2,225
2,683
2,437

105.4
17.6
31.3
16.9

44.7
8.2

12.2
20.6

System construction
(in kg of pollutant per m2 of collectors)

20.7 Oil 0.0478

Variations in the fuels used in the extraction and processing of materials will obviously
alter figures for associated emissions. This is particularly trace of aluminium but also applies to
other materials, for example because New South Wales coal has a low sulphur content, the SO2

emissions associated with Australian steel are lower see Table 4. Aluminium also produces fully
fluorinated compounds which, though emitted in small quantities, are much more powerful
greenhouse gases than CO2 [Cork, 1995].

TABLE 4

EMISSION FIGURES FOR AUSTRALIAN CAST STEEL

CO, so. NO,

(kg of pollutant per tonne of steel)

Steel 2200 2.5 2.2

6. Greenhouse gas emissions associated with materials

In this evaluation only CO : emissions are considered in detail as they are much larger in
magnitude than other emissions. However a fuller analysis could include the effect of NOX and
CH4 using the formula [Anon, 1990];

Greenhouse Gas Index (kg) = CO2 (kg)
CO(g)x2> +NOx(g)xl50 +CH4(g)x63

1000



TABLE 5

CO2 EMISSIONS ASSOCIATED WITH MATERIALS EXTRACTION AND PROCESSING

Material

Steel

Aluminium

Copper

Plastics

Glass

Sand, Gravel, Salt

Cement

kg of COJkg of Material

Energy Efficient Process

2.2

21.4

2.2

0.6
(using gas, this is equivalent to
9 kg CO2 per m2 of 6mm glass)

0.8 (dry process)

Typical Process

4.3

45.0

1.2

4.9

2.0

0.009

1.8

The CO2 emission factors used herein are given in Table 5. This table arises largely from
available literature and communications with suppliers. These figures are multiplied by the mass
of each material inherent to each system. The material masses were obtained from scrutiny of such
detailed specifications as are available. Commercially confidential information not in the public
domain was employed. This data was subject to large project-specific variability. The results are
shown in Table 6. These are compared with non-solar thermal options in Table 7 which also
includes estimates for "next generation" technologies.

TABLE 6

CO2 EMISSIONS PER UNIT POWER OUTPUT FOR CURRENT
SOLAR THERMAL ELECTRICITY TECHNOLOGIES

Central receiver

Parabolic dish

Parabolic trough

Solar pond

Emissions per unit output (g CO^Wh)

Energy efficient processing
of constituent materials

21.11

24.01

30.03

5.05

Typical processing of
constituent materials

48.43

50.92

80.21

6.44
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TABLE 7

CARBON EMISSION STATUS AND PROJECTS

Carbon Emissions g COs/kWh

Solar thermal
Coal Oil Gas Hydro Nuclear Photo-

Current
Technology

Next
Generation
Technology

270

80

180

140

180

140

5

5

6

3

voltaic

35

8

Central
Receiver

21.22

10

Parabolic
Dish

24

15

Parabolic
Trough

30

20

Solar
Pond

5

4

7. Conclusion assumes energy efficient processing
of constituent materials

Medium concentration ratio systems emit the most CO2 per kWh generated. The reasons
for this are the low embodied energy of a solar pond at the low concentration extreme and the
opportunities to improve optical performance at the high concentration extreme with little
increase in overall material content [Kribus et aL 1995]. An indicative relationship similar to that
shown in Figure 3 may be shown to prevail though further work is required to address this.

100

10-

•va.

10 100 1000

concentration ratio

1—
10.000

FIGURE 3
POSSIBLE RELATIONSHIP BETWEEN EMBODIED CO2 PER UNIT OUTPUT AND

CONCENTRATION RATIO FOR SOLAR THERMAL ELECTRIC GENERATION
IN AREAS OF HIGH DIRECT COMPONENT OF INSOLATION



There remain large uncertainties in the carbon dioxide emissions associated with materials.
This is due to (i) lack of agreement as to the boundaries of assessment and (ii) genuine differences
arising from variations in fuel use and process efficiencies. Intercomparison with other studies is
also hampered by non-citation of prime sources of data. Solar thermal electric generation is barely
leaving the demonstration phase of development. It is reasonable to see substantial improvements
to the technology that will improve efficiency and reduce materials content. The comparative
ranking of solar thermal electric generation in terms of full-energy-chain analysis should thus
improve. Central receiver and solar pond technologies have had limited research and development
investment in comparison with competing options. The benefits of an increase in such research
and development may lead to improvements in their full energy chain carbon emissions
performance.
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Overview of the Swiss Study
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Generating Systems
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Swiss Studies on Life-Cycle Analysis of
Energy Systems

Co-operation:

• Swiss Federal Institute of Technology (ETHZ),
Institute of Energy Technology,
Energy, Materials, Environment Group:
Fossil systems & Renewables

• Paul Scherrer Institute (PSI),
Department of Nuclear Energy and Safety Research,
Systems/Safety Analysis Section:
Coal & Nuclear systems

Assessment of full energy chains of current (1994) Swiss and
UCPTE1 electricity and heating systems:

Okoinventare von Energiesystemen2

3rd Ed., Zurich (to be published 1996)

Future electricity systems have been assessed in:

Environmental Inventories for Future Electricity Supply
Systems for Switzerland 3

1 Union for the Co-ordination of Production and Transmission of Electricity
2 Frischknecht et al., "Okoinventare von Energiesystemen — Grundlagen fur
den okologischen Vergleich von Energiesystemen und den Einbezug von
Energiesystemen in Okobilanzen fur die Schweiz", 3rd Ed., ETHZ/PSI, Zurich,
to be published 1996 (1st edition 1994).
3 Dones R., Gantner U., Hirschberg S., (PSI), and Doka G., Knoepfel I. (ETHZ),
"Environmental Inventories for Future Electricity Supply Systems for
Switzerland", PSI Report No.96-07, Wurenlingen and Villigen, CH (1996).
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Methodology used for LCA Studies

• Entire Lifetime of plants included (construction,
operation, decommissioning)

• Material production, transportation, and downstream
processes included

• Full Energy Chains examined (Cradle to Grave) and
each Step analysed separately (Process chain
analysis)

• Allocation criteria developed for multi-output
processes

• ~ 300 air & water pollutants & solid wastes;
« 1000 processes considered

Tools

Database developed by ETHZ (ECOINVENT)

Set of linear equations solved with Gauss-Jordan
Algorithm
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Greenhouse Gases Warming Potentials

IPCC (1996) GWP100 used for this assessment

GWP100

CH4

N2O

CF4

HFC-134a

IPCC 1994

24.5

320

6300

1300

IPCC 1996

21

310

6500

1300
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PV plants assessed in the study

3 kWp, m-Si and p-Si cells

Two basic applications were analysed:

• Building-integrated panels (laminate)

• Self-standing panels placed on buildings

Three types of installation were considered

• Fagade

• Flat roof

• Slanted roof

Large plants

• PHALK 500, m-Si cells

• SSW100, p-Si cells



PAULSCHERRERINSTITUT

Overview

The analysis is the result of extensive work performed at ETHZ.

Hagedorn (1992, Munchen) considered for his assessment the
cumulated energy flows of processes and services for the
production of monocrystalline (m), polycrystalline (p) and
amorphous (a) cells.

The Swiss inventory (for m-Si and p-Si) takes into account also
the material flows for the production of all materials and energy
carriers involved throughout the full process chain.

The chain was decomposed into:

• Metallurgical grade (MG) silicon manufacture

• m-Si (p-Si) wafer manufacture (including electronic
grade (EG) Si production)

• m-Si (p-Si) cell fabrication

• m-Si (p-Si) laminate/panel fabrication

• Installation (including support, inverter and other
electrical components)

• Operation

For the m-Si cells, the panels used as reference are produced
by Arco (USA)

For the p-Si cells, the panels used as reference are produced
by Kyocera (Japan)



JVo_
i RAULSCHERRERINSTITUT-

Some key assumptions for the assessment (1)

Energy requirement for the production of EG Silicon =
129kWh/kg(Linton, 1993)

m-Si Wafer 98 cm2; thickness = 300 jam (450 jam in
Hagedorn); cut thickness = 200 jum (450 urn in
Hagedorn);

MG Si requirement is ~ 67 g/wafer, EG Si requirement
is - 1 2 g/wafer (estimations from thicknesses); total
electricity need for EG Si manufacture =
~ 1.57 kWh/wafer;

factor ~ 0.56 reduction from Hagedorn for total
electricity need for wafer fabrication =
~1.57kWh/wafer

p-Si Wafer 107 cm2; thickness = 300 urn (350 jam in
Hagedorn); cut thickness = 200 jam;

MG Si requirement is ~ 129 g/wafer (factor 0.9
reduction from Hagedorn ~ 141 g/wafer); estimated
EG Si is ~ 24 g/wafer;

same reduction for total electricity need for wafer
fabrication = ~ 1.56 kWh/wafer to add to EG Si
manufacture = ~ 3.06 kWh/wafer
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Some key assumptions for the assessment (2)

• Electricity requirement for m-Si cell = -1 .3 kWh/cell
(Hagedorn)

• Electricity requirement for p-Si cell = ~ 1.3 kWh/cell
(Linton)

• Nominal power: m-Si cell = 1.62 Wp; and p-Si cell =
1.5 Wp

• Cell efficiency: m-Si = 16.5%; p-Si = 14%

• Assumed average yield for panels per kWp in
Switzerland = 860 kWh/a*kWP

Site in Switzerland

Middle Lands (foggy areas)
Middle Lands (good areas)

South and Pre Alps
Alps

Yield
kWh/a*kWP

520-700
700-880

790-1140
1230-1760

Source: Frischknecht et al.. 1994

Lifetime of the panels = 30 years

No back-up system considered
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Large PV plants in Switzerland

PHALK 500

Photovoltaisches Alpines Kraftwerk

• Site: Mont Soleil, Jura, 1270 m altitude

• Construction year 1992

• Nominal power: 560 kWp

• - 1200 kWh/kWp, ~ 680 MWh/a (2.44 TJ/a)

• 10,560 m-Si, 53 Wp lam. (Siemens Solar, Munich)
36 cells/lam. (Arco Solar Inc., California)

110 steel supports

SSW100

Site: on guard-rail (Schallschutzwand) in the highway
N13(GR)

Construction year 1989

Nominal power: 110 kWp

~ 1000 kWh/kWp, -110 MWh/a (0.396 TJ/a)

2,208 p-Si, 50 Wp lam. (Kyocera, Japan),
grouped by 12

930 m long
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Construction materials for the PHALK plant

Material

Aluminium (0% recycled)
Aluminium (100% rec.)

Chemicals
Concrete
Copper
Glass
Lead

Mineral wool
MG Silicon

PE (HD)
PE (LD)

PUR
PVC

Steel (high alloyed)
Steel (low alloyed)
Steel (unalloyed)

Zinc

m-Si laminates (36 cells)

Mass (kg)

313
158
220

288,000
13,270

33
60

1,342
219
215

4,038
455
80

177,800
11,652
7,690
12,511

10560 units

Source: Frischknecht et al.. 1994
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Construction materials for the SSW plant

Material

Aluminium (0% recycled)
Ceramics
Concrete
Copper

Mineral wool
EG Silicon

PE (LD)
PVC

Steel (high alloyed)
Steel (low alloyed)
Steel (unalloyed)

Zinc

p-Si panels

Mass (kg)

383
129

86,000
5,070
121
0.5

3,606
110

1366
24,400
16,620
1,150

2,208 units

Source: Frischknecht et al.. 1994
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PHALK 500 Plant

Operation

0.0137 (TJ)1

Assembly, Installation
(Recycling)

560

Laminate m-Si ('92)

688

m-Si Cell ('92)

1.05

m-Si Wafer ('92)

0.0934 kg

MG Silicon

219 kg

0.028

MG Silicon
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SSW 100 kWp Plant

Operation

0.0842 (TJ)-1

Assembly, Installation
(Recycling)

112.6

Panel p-Si ('92)

713

p-Si Cell ((92)

1.05

p-Si Wafer ((92)

0.131 kg

MG Silicon

0.5 kg

MG Silicon
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Future Photovoltaic Systems

Two systems have been considered based on:

• Monocrystalline silicon cells

• Amorphous silicon cells

Inventory based on available technology — no
revolutionary innovations considered:

• today's MG silicon production techniques;

• higher gain for silicon purification (20% -> 78%) &
reduced process energy (by 40%);

• process energy for m-Si wafer production «8 times lower;

• 20% lower electricity needs for m-Si cell manufacture;

• process electricity for panel manufacture reduced by a
factor of approx. 4;

• total direct electricity need for one m-Si panel is approx.
1160kWh/kWPeak;

• total direct electricity need for one a-Si panel is approx.
350 kWh/kWpeaki

• approx. 40 kg CO2 are directly emitted in a-Si panel
production (scrubbing with methane);

Efficiency increases: 15% •=» 18% for m-Si, 5% -» 10%
for a-Si

Load factor 10% (Swiss conditions in the lowlands,
corresponding to 880 kWh/kWpeak), 30 years lifetime

Only 3 kWpeak slanted roof panel plants considered
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Results for Current PV Systems in Switzerland

GHGs mostly originate from the manufacturing of
cells (MG Si + wafer + cell fabrication), typically
70-80% of total for panels

Wafer manufacture contributes typically 40-50% to
total GHG emissions in the case of panels

For large plants, wafer manufacture and the
assembly/installation are the largest contributors
(the latter, up to 50% of total)

GHGs mostly originate from electricity requirements
(on the order of ~ 80%)

CO2 emissions contribute 87-93%

CF4 (from Al production) contribute 1-3% for panels,
5-7% for plants

=> CFCs contribute < 1%

=> Building-integrated panels have 5-15% less
associated GHG emissions than non-integrated
ones

Results are directly proportional to the yield,
therefore are strongly site specific
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Wind Energy Converters in Switzerland

• Seven operational horizontal-axis wind turbines are
connected to the net:

• Grenchenberg
• Chiirstein (Appenzell)

• Simplon

• Sool (Jura)

• Wyssacher (Emmental)

• Sursee

• Winterthur

Total

150 kW
80

30

30

10

5

3

308 kW

50 other non-connected small plants exist

Technical potential: « 1000 GWh/a

Swiss Plants considered in the study

• Simplon (directly modelled)

• Grenchenberg (extrapolated)

• Sool (extrapolated)
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Overview of the analysed Plants

Nominal power

Tower height

Rotor diameter

Blades

Start operation

Average output

Availability

kW

m

m

year

kWh/a

%

Simplon

30

22

12.5

2

1990

20864

99

Sool

30

18

12.5

2

1986

14868

94

Grenchenberg

150

30

23.8

3

1994

99964

96

Key assumptions for the analysis

• Lifetime: mobile parts 20 years1

structural parts 50 years1

• No back-up systems considered2

1 [Hagedometal., 1991]
:Source: Frischknecht et al. 1996
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Characteristics of the Simplon Plant

General

Rotor

Blade

Orientation

Generator

Tower

Wind speed range

Nominal wind speed

Rated power

Diameter

Blades

Nominal rotational speed

Position relative to tower

Hub height

Length

Thickness

Material

Weight

Nominal Voltage/Frequency

Type

Material

Height

4 - 20 m/s

7 /11.4 m/s

8.5/30kW

12.5 m

2

46 / 92 rpm

leeward

22.4 m

6100 mm

420 mm

Fiber reinforced
Epoxy

73 kg

Passive

Asynchronous

380 V / 50 Hz

conical, hollow
octagonal cr.sect.

8 mm
hot-galvanised

sheet-steel

22 m

Source: Frischknecht et al.. 1996
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Simplon Plant Construction Material Requirements

Component

Tower

Basement

Rotor

Nacelle

&
Electrical parts

Material

Steel (unalloyed)

Hartlotw/oCd

Paint

Steel (unalloyed)

Cement

Sand & gravel

Explosives

Glass

Polyethylene (high density)

Aluminium (0% recycled)

Aluminium (100% rec.)

Cast iron

Copper

Glass

Rubber

Lead

Nickel

Platinum

Polyethylene (high density)

Polypropylene

PVC

Steel (unalloyed)

Steel (low alloyed)

Tin

Zinc

Mass (kg)

5285

14
37

2367

7415

40850

10
87.6

58.4

12
3

268

245

36
-3.2

-0.2

-0.1

-0.0003

219

20
158
343

556

-0.5

-0.07

Source: Frischknecht et al.. 1996
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Simplon Plant Energy & Service Requirements for
Construction and Operation

Component

Tower

Basement

Installation

Rotor

Nacelle
&

Electrical parts

Operation

Energy carrier / Service

Transport road
Fuel oil in 1 MW boiler

Natural gas in >100 kW boiler
Electricity UCPTE (med. volt.)

Transport road
Transport rail

Fuel oil in 1 MW boiler

Natural gas in >100 kW boiler
Electricity UCPTE (med. volt.)

Transport road

Diesel in construction machinery

Transport road
Transport rail

Transport road
Transport rail

Fuel oil in 1 MW boiler
Natural gas in >100 kW boiler
Electricity UCPTE (med. volt.)

Transport road
Fuel oil, regional supply

Amount

7930 tkm
8300 kWhth
8300 kWhth
610kWhe

1080 tkm
2160 tkm

3700 kWhth

3700 kWhth
270 kWhe

1600 tkm
400 person*km

1400 kWhth

15 tkm
64 tkm

2061 tkm
389 tkm

3450 kWhth
3450 kWhth
250 kWhe

160 person*km
84 kg

Source: Frischknecht et a l . 1996
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Results for Wind Power Plants in Switzerland

Wind Plants

Grenchenberg 150 kW

Simplon 30 kW

Sool 30 kW

Mix

g(CO2-eq.)/kWh

28

52

65

36

GHGs mostly originate (-70%) from materials:

• Steel and Iron 40%

• Concrete 14%

• Plastics 8%

• Copper 6%

Second contributors are fossil fuels (-20%)

CO2 emissions contribute ~ 93%

Results are strongly site specific

Lower total emission for greater installed power

Total material requirement (average plant):
0.4 kg/kWh
(half is gravel)

Total energy carriers requirement: 0.1-0.22 kWh/kWhe
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Comparison of Selected Present and Future
Electricity Systems

GHG Emissions from Full Chain
g(CO2-equiv.)/kWh (IPCC.1996)

Lignite

Hard Coal

Oil

Gas

Nuclear

Hydro

Wind e

Photovoltaic e

average plant

PC* (PC/PFBC**)

average plant

CC

average plant, gas mix

CC, natural gas

LWRs
once-through chain

Dam & run-of-river

average plant

Large plants

3kWp m-Si

3kWp p-Si

3kWp a-Si

Present
average

UCPTE/CH*

1340

1071

855

na

915

na

16-18 b

(14-16) c

<7)d

4

36

171-235f

114-180

189-277

na

Future
(2020-2030)
Switzerland**

na

760

na

549

na

389

6

4

na

na

44

na

27

a It represents present technology b UCPTEand CH, respectively,
c In brackets the values w/o CFCs
d Calculated for CH PWRs with centrifuge enrichment only
e Swiss average conditions only
f PHALK 500 kW (m-Si), SSW 100 kWp (p-Si), respectively, reference year

for panels 1992

Sources: * Frischknecht et al., 1994, 1996
**Donesetal., 1996
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GHGs associated with construction materials for the PHALK plant

steel u. 1 % zinc 5 % ^ c o n c r e t e 3%

steel I.-a. 2%

steel h.-a. 82%

copper 6%

• Concrete

IIPE(LD)

• Aluminium (0% recycled)

m Steel (high alloyed)

SZinc

• Lead

M Glass

• PUR

HAiuminium (100% rec.)

• Steel (low alloyed)

• Chemicals

• PE(HD)

UPVC

H Copper

• Steel (unalloyed)

• Mineral wool

After Frischknecht et al.. 1994
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3kWp m-Si (p-Si) Slanted Roof Integrated PV Plant

Operation

3.6 (TJ)"1 (average site in Switzerland)

Installation

0.91 (1

Integrated frame Laminate m-Si (p-Si) Inverter

627 (673.4)

m-Si (p-Si) Cell
0.028 kg

1.05
MG Silicon

m-Si (p-Si) Wafer

0.06671 (0.1294) kg

MG Silicon

Electric Comp.
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3kWp m-Si (p-Si) Slanted Roof Pane!

3.6 (TJ)"1 (average site in Switzerland)

Pane! m-Si (p-

627 (673.4)

-Si (DS\) Ce

in Switzerland
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Type

3 kWp panels

large plants

Ceil

m-Si

p-Si

m-Si

p-Si

Installation

Fagade, integrated

Fagade, panel

Flat roof, panel

Slanted roof, integrated

Slanted roof, panel

Fagade, integrated

Fagade, pane!

Flat roof, panel

Slanted roof, integrated

Slanted roof, panel

PHALK 500

SSW100

g(CO2-eq.)/kWh

154

180

132

114

127

260

277

202

189

196

171

235

Sources: Frischknecht et al , 1994. 1996
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Contributions by Species (absolute values) to total GHG Emission
associated with PV Panels and Plants in Switzerland

Facade Roof Slanted Roof Plants

Source: Frischknecht et al.. 1994, 1996



Relative Contributions from the Steps of PV chain to total GHG Emission
associated with m-Si Slanted-Roof Integrated Panels
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Contributions from the Steps of PV chain to total GHGs associated with
m-Si Slanted-Roof Integrated Panels
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Relative Contributions from the Steps of PV chain to total GHG Emission
associated with m-Si Slanted-Roof Panels
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Contributions from the steps of PV chain to total GHGs associated with
m-Si Slanted-Roof Integrated (left) and Non-integrated Panels (right)
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Relative Contributions from the Steps of PV chain to total GHG Emission
associated with p-Si Slanted-Roof integrated Panels
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Relative Contributions from the Steps of PV chain to total GHG Emission
associated with p-Si Slanted-Roof Panels
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Relative Contributions from the Steps of PV chain to total GHG Emission
associated with PHALK 500 Plant

60%

50% -

40%

30%

20%

10%

0%

Source: Frischknecht et al., 1994
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Relative Contributions from the Steps of PV chain to total GHG Emission
associated with SSW 100 kWp Plant
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GHG Emissions associated with Photovoltaic in Switzerland:
Range of values for the Middle Lands and Pre Alps

700

CO

c ^
.2 (D
V) O)
.52 O)

0) O

§ °
7

iMin. yield 520
kWh/yr*kWp,
20 yr

I Max. yield 1140
kWh/yr*kWp,
30 yr

I Local yield,
actual plants,
30 yr

After Frischknecht et al., 1996. 1994
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Some characteristics of the assessed future photovoltaic technologies

Assessed technology

Represented technology

Thickness of the active layer

Panel efficiency

Total area per panel

Photoactive area per panel

Nominal power

PV plant share in years
2020/30 in CH (assumed)

monocrystaSline,
ribbon-pulled wafers

crystalline silicon
technology

150 fjm m-Si

18%

0.43 m2

0.35 m2

64.8 Wp

80%

triple-junction-cells
from amorphous

silicon

thin film
technology

« 0.5 jjnn a-Si

10%

1 m2

1m2

100Wp

20%

Source: Dones et al.. 1996
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Shares of GHG Emissions associated with the
Simplon 30 kW Wind Power Plant

Tower
59.3%

Operation
0.5%

Nacelle
40.3%

Source: Frischknecht et al. 1996
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Contributions (absolute values) to total GHG Emission
associated with the Simplon 30 kW Wind Plant
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Contributions (relative values) to total GHG Emission
associated with the Simplon 30 kW Wind Plant

« Gas & On

D Electricity

^Transport

• Steel & Iron

M Plastics

• Copper

M Concrete

B Aluminium

H Other

Tower Nacelle Operation Total

Source: Frischknecht et al. 1996
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Comparison of GHG Emissions associated with
Future Electricity Systems in Switzerland (year 2030)
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Comparison of GHG Emissions:
Present UCPTE/Swiss vs. Future Swiss Electricity Systems
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GHG Emission Assessment of Full Energy Chain for Solar
Power in China

By: Li Junfeng

Renewable Energy Development Center of
Energy Research Institute of SPC

P.R. China

Abstract

Solar PV technologies have been made a very important role for meeting the energy
demand in the remote area and some commercial case in China. The annual PV
production is about 1 MW and the total installation of solar PV is about 3 MW in China.
However, from the full energy chain point view, during the manufacturing of solar PV,
some energy should be used. This paper will focus on the analysis of full energy chain for
the solar PV production and utilization. This paper consists two parts: current status of
solar PV production and utilization in China and analysis of greenhouse gas emission
from the full energy chain of solar PV production.

1. Current Status of solar PV production and utilization in China

1.1 Research and Development

China started to do research on solar cells for space use was in 1958 and for the
research on terrestrial PV application began in the early of 1970V After more than 20 years efforts,
remarkable achievements have been made on solar cells and PV system technologies. Table 1 shows
the efficiency level of various type of solar cells and the comparison between China and abroad.

Table 1. Efficiency of Solar Cells

Solar Cells

Single Crystal
Si Solar Cell
Poly-crystal
Si Solar Cell

Amorphous Si
Solar Module

Concentrator
Solar Cell

GaAs Cell
CdS/CuxS
Solar Cell
MIS Cell
Film Poly-
crystal Cell

in China and Abroad
Efficiency (%)

Abroad
Laboratory

24.2
20.0

Single Junket:
13.3

Multi-Junct:
14.6
35.0

24.8
12.3

20.0
15.8

Commercial
Cell. 16.0

Module: 14.0
Cell: 14.0

Module: 12.0
Single Junket:

5.0 - 9.0
Multi-Junct:

8.0-12.0
14-19

-

15.0
11.0

China
Laboratory

20.4
13.1

Single Junket: 11.2
Multi-Junct:

11.4

17.0

20.1
8.0-9.0

-
-

Commercial
100 Cell: 14.0
Module: 12.0

Cell: 12.0
Module: 10.0

4.0 - 7.0
(300 * 300 or

300 * 900 module)

-

•
-

-
-



For PV balance-of-system we've got achievements on stand-along DC/AC
inverts, charging controllers, testing equipment, etc. and for PV system technologies, we've got a lot of
experience on solar pumps, PV powered communication systems, stand-along and hybrid centralized
PV or wind-PV power plants for villages, solar home systems, solar lighting, etc..

Since 1976, Chinese central government have done much efforts to photovoltaics
and put it in the National 5-Year R&D Plans in formally. During 6th (1980-1985), 7th (1986-1990)
and 8th (1991-1995) National 5-Year Plan, central government, local government and Ministries have
invest more than 300 Million Yuan in photovoltaic industries, R&D activities and demonstrations.

1.2 PV Industry

From 1983 to 1989, 7 solar cell production lines were imported from abroad.
Plus other existing solar cell factories, there used to be as many as 17 PV manufacturers in China. But
more than half of them have small quantity in production or only for space use or stop the production
now for some reasons. The situation is shown in Table 2.

Table 2 The Space-Use, Small and Closed PV Manufacturers
Manufacturer

Tianjin Inst. of
Power Sources

Wuhan 752

Shanghai 901

Shanghai Xinyi

Xinjiang
Semiconductor

Factory
Baotou Solar Ce

Factory
Inner Mongolia

Solar Cell Facto
Shenzhen

Darning Co.
Shenzhen Yu-

Kang
Qinhuangdao Al

Co. Ltd
Nanjing Solar
Electric Co.

Production
Start

1973
1979

early in 1980':

early in 198O'<

1986

1
1986

y 1986
1987

1989

a 1990

1991

Equipment
Origin
Domestic
Facilities

Key Equipmei
from USA
Domestic
Facilities
Domestic
Facilities

Key Equipmei
from USA

Domestic
Facilities
Domestic
Facilities

Assembly Lin
Global, USA

USA

Alfa Co., USJ

Assembly Lin
from USA

Technology

Crystalline
Si Cell

t Crystalline
Si Cell

Crystalline
Si Cell

Space Use
Solar Cell

t Mono -Si
Cell

Mono -Si
Cell

Crystalline
Si Cell

5 Mono -Si
Cell
a-Si

L Concentrator

s, Crystalline
Si Cell

Annual
Capacity
100 kWp

100 kWp

20kWp

lOkWp

100 kWp

50kWp

50kWp

lMWp

8MW

100 kWp

Cun-ent
Status

Mainly for Space
Use

Assembly Small
Quantity

Mainly Selling
Wafers

Only for Space

Stop the
production

Assembly Small
Quantity

Assembly Small
Quantity
Stop the

production
Never in Regular

Assembly Line

Stop the
production

Today, more than 90 % solar modules are produced by 6 key PV manufacturers.
5 of them are producing crystalline silicon solar cells and only one is making amorphous solar cells. See
details in table 3. From Table 3, we may see that according to wafer line capacity, the actual annual
production in China for crystalline Si solar cells is at most 1.5 MWp even though the total rated capacity
is about 2.5 MWp. Today, most of PV manufacturers have to buy wafers from outside to keep the
manufacturing going on.



Table 3 Information of Main Solar Cell Manufacturers in China
Manufacturer

Kaifeng
Solar Cell
Factory

Ningbo
Solar Cell
Factory

Yunnan
Semiconducto

r
Devices
Factory

General Inst,
for Non-
Ferrous
Metals

Manufacturer

Qinhuangdao
Huamei

Photovoltaic
Electronics

Ltd.
Harbin-
Chronar

Production
Start

Old line:
1975

New line:
1988

Old line:
1976

New line:
1988

Old line:
1983

Imported line:
1987

1987

Production
Start

Imported line:
1990

1991

Equipment
Origin

Key
equipment

import:
Spire, USA

Key
equipment

import:
Spire, USA
Whole line
Imported:

TPK, Canada

Laminator
imported:

Spire, USA

Equipment
Origin

Whole line
Imported:

Spire, USA

Whole line
Imported:
Chronar,

USA

Technolog
y

Mono-
crystalline

Si Cell

Mono-
crystalline

Si Cell

Mono-
crystalline

Si Cell

Poly-Si

Technolog
y

Mono-
crystalline

Si Cell

a-Si

Wafer
Capacity

100
kWp/year

150
kWp/year

300
kWp/year

100
kWp/year

Wafer
Capacity

300
KWp/year

-

Cell&
Module
Capacity

300 kWp/year

300 kWp/year

500 kWp/year

100 kWp/year

Cell&
Module
Capacity

lMWp
/year

lMWp
/year

Shipment
in 1995

180 kWp

300 kWp

300 kWp

20kWp

Shipment
in 1995

200 kWp

200 kWp

1.3 Marketing and Applications

1.3.1 Market Development

Before 1980's, the annual output of solar modules in China was never higher
than 10 kWp in totally, and the price of solar modules was very high by that time. In 1982, the price of
solar module was as high as 70 Yuan/Wp (about $20 USD/Wp). Limited by manufacturing capacity
and the so high prices, PV market was very hard to be developed. Besides space use, solar cells were
only used as small power supplies in special fields, like: beacons, light houses, railway and highway
signal systems, power supply for the equipment in mountain weather stations, electric fence, insects
trapper lights, DC powered fluorescent lights, etc.. The power range for such system is between
several watts to tens of watts. At the same period, some projects of international cooperation were
carried out , like: New Energy Village in Daxing county, Beijing, which was cooperated with AEG
Telephonken, Germany and a 10 kWp PV Power Plant in Yuanzi township, Gansu province, which was
built by KYOCERA, Japan.



about 40 Yuan/Wp. Since then, PV market is expanded very quickly. Now, solar cells are used not
only for small power systems but also distributed into various fields: communications, transportation,
rural electrification, industry and agriculture, commodities, etc.. In addition, solar cell has been
introduced into national important engineering. Such as: Electrification Project for the Counties
Without Electricity sponsored by Ministry of Electric Power; Tibet Sunshine Project; Communication
Project for Fire Warning System; Xi-Lan-Wu and Bei-Hu-Yin-Lan Optical-fiber Communication
Engineering, 400 Satellite TV Receiver & Transmitter Stations in Tibet; Xinjiang Oil Pipeline
Engineering (include communications and catholic protections for pipeline), and so on. Since 1993, the
annual production of solar modules is near or higher 1 MWp. By the end of 1995, the total installed
PV power in China has been more than 6 MWp. Table 4 shows the historical evolution of PV.

Table 4 Historical
Year

1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994

1995

Evolution of PV Annual Production and Prices * *
Annual Production

(kWp)
0.5
1.0
2.0
5.0
8.0
15.0
20.0
30.0
50.0
70.0
80.0
100.0

a-Si 200.0 c-Si 150.0
a-Si 300.0 c-Si 250.0
a-Si 100.0 c-Si 400.0
a-Si 100.0 c-Si 450.0
a-Si 150.0 c-Si 500.0
a-Si 250.0 c-Si 650.0
a-Si 200.0 c-Si 900.0

imported 100.0
a-Si 200.0 c-Si 1000 C

imported 350.0

Module Price
(Yuan/Wp)

400.0
200.0
120.0
100.0
80.0

75-80
70.0
60.0
50.0

45-50
4 0 - 4 5

40.0
a-Si 21-23 c-Si 35-45
a-Si 23 c-Si 35-37
a-Si 22-25 c-Si 38-40
a-Si 23-25 c-Si 38-40
a-Si 25 c-Si 40-42
a-Si 25-27 c-Si 40-47
a-Si 25-27 c-Si 40-47

imported 50-60
a-Si 25-27 c-Si 40-47

imported 50-60

Installed Capacity
(kWp)

0.5
1.5
3.5
8.5
16.5
31.5
51.5
81.5
131.5
200.0
280.0
380.0
730.0
1280.0
1780.0
2330.0
2980.0
3880.0
5080.0

6630.0

Exchange rate: before 1988
1989 - 1993
1994- now

$1 USD = 3.5 -3.8 Yuan
$1USD= 5.3-5.7 Yuan
$ 1 USD = 8.5 - 8.9 Yuan

1.3.2 Current Market Share

In China, now the largest PV market is in communications, the share of this
market is about 65%. The second largest market is in remote and rural electrification which occupied
the market in about 16%. For the Industry , agriculture and other area applications, the share is about
11% and for commodities and other appliances, the market share is about 8%.



Table 5 The Installed Power in Accordance with Application Sector
Application Area

Communications
Rural and Remote Uses

Industry, Agriculture and Other Area
Commodities and Other Appliances

Total

Installed Power
(kWp)
4310.0
1060.0
730.0
530.0
6630

Market Share
(%)
65
16
11
8

100

1.3.3 PV Market Potential for Rural Electrification

China is a developing country, many places are still poor and less developed.
Up to now, about 30% of villages with about 100 million people living in the area without electricity.
Most of the remote area is in the western provinces of China, include: Tibet, Xinjiang, Qinghai, Inner-
Mongolia, Gansu, Ningxia and part of Shaanxi. People lived in such area are very dispersed and daily
requirement for electricity is very less: So it is not possible for these areas to be covered by utility grid
in 5-10 years. PV systems are easy to be used to help the poor people and supply electricity for their
daily use. The estimated potential market of PV is shown in Table 6.

Table 6 PV Potential Market for Rural Electrification in China

Provinces

Tibet
Qinghai
Inner-

Mongolia
Xinjiang
Gansu

Ningxia
Shaanxi
Other

Provinces
Total

Installed
PV

Systems
(Set)
5000
6000
7000

7000
3000
1000
1000

20,000

50,000

Installed
PV Power

(kWp)

80
100
120

120
• 5 0

18
15

350

853

Households
Without

Electricity

120,000
180,000
400,000

490,000
400,000
200,000
300,000

- 20 Million

~ 22 Million

Potential PV
Syst. Needed

(Set)*

110,000(92%)
150,000 (83%)
200,000 (50%)

150,000 (30%)
240,000 (60%)
120,000 (60%)
120,000 (40%)
200,000 (1%)

1290,000 (5.9%)

PV Market
Before 2000

(MWp)**

2.2
3.0
4.0

3.0
4.8
2.4
2.4
4.0

25.8

PV Market
2001-2010
(MWp)***

11.0
15.0
20.0

15.0
24.0
12.0
12.0
20.0

129.0

* : PV is only a part of solution which varies with provinces. The fraction is in the brackets.
** : It is assumed that the average power of each PV set before 2000 is 20 Wp (only for lighting
purpose).
***: Along with increasing of herdsman and farmer's income level, their PV power systems will be
upgrade to 100 Wp in average during 2001 to 2010.

2. GHG Emission Assessment of Solar PV Applications

The full energy chain of Solar PV GHG emission analysis can be listed as
following steps (see figure 1 and 2).

2.1 GHG Emission of PV Manufacture

Currently, there are no special analysis data available for the total energy use
during the solar PV manufacturing. This study should be carried out as the following step work.



2.2 GHG Emission Reduction from Solar PV Application

The energy savings from solar PV applications can be divided as two types:

Replace of diesel generators: most of case in remote rural area of China, power is supplied by diesel
generators, generally, one kWh of power generation needs about 200 gram of diesel and the line loss
will be about 20 to 30% during the distribution. As the results, one kWh solar PV power generation can
replace of about 250 to 280 gram of diesel, which GHG emission is about 200 to 230 gram of CO2.

Replace of network extension: In some case, the rural electrification needs a power network extension
and network power is about 70% come from coal fired power plant. Therefore using of solar PV to
replace the network extension, can reduce the coal use for power generation in China In the remote
case, the extension line loss is very big, generally, it is more than 30% and total line loss from the
power station to the remote village, where the power needs to supply, is about 50%. As the results, one
kWh solar power generation can replace 1.5 kWh of coal fired power generation. Currently, one kWh
of coal fired power generation is about 400 Gram of coal equivalent, which can reduce about 280 gram
ofCO2.

Replace kerosene: in some case, solar PV can be used to replace kerosene for lighting. In China, one
household can use about 12 kilo-gram of kerosene one year, which can be replaced by a 20 Wp of solar
PV system. In the life circle of the solar PV (20 to 25 years) about 240 to 300 kilo-gram of kerosene
can be saved which is resulted in about 220 to 270 kilo-gram of CO2 reduction.



GHG Emission of Solar PV
Production (crystal)

Silicon sand mining 5%

Crystal silicon production 80%

Solar cells production 3%

Battery production 10%

Installation materials 2%



GHG Emission Mitigation from Solar PV Application

Replace Diesel 250 to 280 Gram/kWh

00 to 50 Gram of CO can be mitigated

Replace Power Network 1.6kWh/kWh

c500 to 500 Gram of CO can be mitigated



Some FENCH-GHG related
wind energy facts

H.K. Hutting
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Average capacity factor wind turbines in the Netherlands
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Capacity credit of wind power in the Dutch grid
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Power density of wind turbines
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Capacity factor - power density
relation
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Blade weight / power ratio
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Blade weight / swept area ratio
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Weight/swept area ratio wind turbines
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Weight/power ratio wind turbines
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PRESENTATION

at the Advisory Group Meeting on Greenhouse Gas Emissions From the Full Energy
Chain of Solar and Wind Power

Vienna, Austria October 21 to 25
by

Erik Grum-Schwensen

Abstract

This presentation is based on the report circulated at the meeting titled

CALCULATION OF THE ENERGY CONSUMED BY THE MANUFACTURING AND
ERECTION OF A MODERN WIND GENERATOR INSTALLATION

This report is not a study in greenhouse gas emissions, but deals only with the energy side.
The report considers each major component in a wind generator installation consisting of 6 ea.
95kW wind generators representing the state of the art anno 1988.

Introduction

The wind generators considered are of the three bladed, stall regulated type with a dual winding
generator for two speed operation. The construction does not differ substantially from other
generators on the market at that time
Figure 1 shows a sketch of the wind generator

The six wind generators form a small wind farm on a piece of flat land close to the Copenhagen
International Airport of Kastrup, Denmark.
The generators are placed in two parallel rows with three in each The two rows are placed 140
meters apart, and the distance between the generators in the rows is 125 meters Five of the
generators are connected to a 500 kVA 10 kV transformer placed at the center of the wind farm.
For special reasons, the sixth generator is connected to a transformer outside the farm. The
distance from the central transformer to the public 10 kV power grid is 305 meters
Included in the calculations are all cables within the wind farm, the 10 kV cable from the
transformer to the public grid, the transformer at the center and part of the transformer outside
the wind farm

It should be noted that since this wind farm was built in 1989, the development of wind generators
has resulted in much larger units and more efficient rotor blades. Also the
introduction of pitch regulated rotor blades will yield lighter constructions for the same amount
of energy produced The future will see these developments progress still further. It is therefore
reasonable to predict that future developments will shorten the energy payback time.



FIGURE 1. TELLUS 95 KW WIND GENERATOR
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Wind Energy in Europe

Since the outcome of any calculation regarding the energy payback time of wind generators is
directly dependent upon the wind available for the area considered, a copy of the European Wind
distribution is presented in figure 2.

The figure clearly shows Denmark as one of the better areas for wind power, particularly the
regions to the north west of the country.
For the calculations here is used the average figure for all of the 128 wind generators of the 95
kW type installed in Denmark by 1989, adjusted to a standard wind year.
The figure is 210.000 kWh/generator/year.

FIGURE 2 EUROPEAN WIND ATLAS



2JT

Basis for the Analysis

The analysis of the energy consumption for the wind generator installation is performed on the
basis of the specifications delivered from the manufacture of the Tellus 95 kW wind turbine and
from the information available from the contractor to the wind farm.

The calculations are made for one 95 kW generator including its installations.
In order to find the total amount of energy consumed by the manufacture of the entire installation,
the installation is broken up in its major parts and then the energy consumption of each part or
component is treated separately.

A table of these figures is found in table 1.

TABLE 1.

RAW MATERIAL DATA FOR ONE WIND GENERATOR INSTALLATION

EMPLOYING TELLUS 95 KW WIND GENERATOR

Tubular tower 22.6 m 8 mm steel plate galvanized. 6.200 kg

Nacelle, cover 120 kg

Nacelle, chassis 1.835 kg

Generator 1.150 kg

Main shaft 330 kg

Yaw system 335 kg

Gear unit 780 kg

Rotor hub incl. adapters 1.120 kg

Rotor blades (steel part) 3 x 98 kg 274 kg

Rotor blades (fiberglass part) 3x214 kg 642 kg

Cement for 243 m concrete 24 x 290 kg 6.960 kg

Gravel/Stone aggregate, foundation 60 000 kg

Steel for reinforcement of concrete 760 kg

Cables (Al part) 1/6 x 2.503 kg 417 kg

Cables (plastic part) 1/6 x 1.560 kg 260 kg

Transformer 500 kVA 1/5 x 2.500 kg 500 kg

Oil - transportation, earthwork etc 200 kg



A Comment on Energy Analysis

All analysis of material and energy consumption are based on the state of the art in
material manufacture In market economies, this state of the art is in turn governed by economic
considerations Thus, if cheap energy is available, little effort will be put into rationalization of
energy related processes.

In the past, and also presently, the price of energy has not included what the economists call
the externalities: Costs borne by people who are not parties to the transaction that imposes
them. These costs have been paid elsewhere, mainly via the country tax systems.

The incentive for industry to rationalize energy use in their production processes have therefore
been limited and not nearly at the level it would have been had the external costs been
internalized.

Hence the figures used in these calculations are a product of these conditions, and these
conditions probably have a considerably larger effect upon the outcome than do other inherent
uncertainties of the calculation.

Energy Content of Materials

The easiest and most accurate way of obtaining the energy consumption for each
separate item would be to have each manufacturer supply the figures from his production (e.g.
Siemens informs that the energy cost of producing a generator is so much). This, however, can
not be done, since the manufacturers are not (yet) so energy conscious as to follow up on such
figures except on a very coarse scale. Fortunately some information regarding the total energy
consumption of a production area is often available, and when the total production of said area
is available, it becomes possible to make a good estimate of the energy cost of the components
manufactured there Unfortunately the various production areas of a plant are usually engaged
in the manufacture of several different types of components, which does indeed complicate the
process.

Most of the figures in this analysis have been obtained by consulting the various manufacturers
of materials and then counter checking their information against the 'bible' of energy analysis -
"Handbook of Industrial Energy Analysis" published 1979 by J Boustead and G. F

Hancock



The rather massive variations in figures as obtained by Boustead and Hancock do indeed
indicate the uncertainty of energy calculation. This uncertainty was indeed reflected in the
variations of the figures obtained directly from material manufacturers.

Recycling of materials

The difference between the energy cost for virgin materials and recycled ones can be
quite substantial. It is therefore important to consider the possibilities for recycling of materials
used for the objects in question

Most of the materials used in the construction of a wind farm are good candidates for recycling
for mainly two reasons:

1. A wind generator construction consists of relatively few, mainly large, bulky items
in which the mixture of different kinds of materials is limited. In general the
materials will be easily separated at life end.

2. The materials will for the most be intact at the end of the life cycle

For each of the components the possibilities for recycling is considered, and where no recycling
is possible, the values for virgin materials are used

Machining of Materials

By far the major part of material energy is associated with the heating processes or
electrolytic processes employed during manufacture. Machining of components does, however,
require some amount of energy, and this energy is lost for good as recycling does not apply
here A table of the machining requirement used here is shown in table 1



TABLE 1.

Machining Operation and Item Machining

addition

Forming and handling reinforcement steel 5
Arc welding and forming of rolled steel, very large items (tube tower) 10
Welding, forming , drilling of large items (nacelle chassis) 20
Drilling, shaping and machining of coarse cast iron items (hub adapter) 20
Forming of rotor blades 20
Welding and forming of smaller items (nacelle cover) 30
Shaping, soldering of copper rods and heavy wire (generator and transformer) 30
Extensive drilling / machining of cast iron items (generator and gear casing) 50

Shaping of thinner sheet metal items (generator and transformer) 50
Precision machining of metal parts (gear, yaw system and generator interior) 250
Forging and machining of main shaft 300



Life Time Expectations for a Wind Generator Installation

The life time of a wind generator installation is generally set at 20 years and this is also the

figure used here. Compared to other large mechanical installations subjected to similar

conditions, this figure is rather low - particularly for the static parts of the installation (tower,

foundation). If, however, the installation is to be replaced, it will most likely be by one

employing larger type wind generators, and then the static parts will have to be replaced also.

Electrical Energy

As this analysis is aimed at checking the energy payback time for electricity

producing wind generators, all energy figures somehow have to be converted to electrical

energy, as delivered by a wind generator.

This brings electric power plant efficiency into the picture.

Unfortunately electricity is the most difficult commodity to which to assign a satisfactory

production efficiency.

For coal fired plants, which is what is used in Denmark, the efficiency is 23 to 31%.

For Danish plants this efficiency lies somewhat higher due to sale of heating for urban area

housing (during the winter period)

One very important fact should be noted:

Electricity efficiency figures available for fossil power plants do not include the

energy required to eliminate or transport and store the CO2 created by the process.

Estimates indicate a reduction in efficiency by at least 50% for these processes (if or

once technology is developed to implement them).

For a conversion of fossil electrical energy to wind power generated electricity to be valid,

such a conversion should rest upon CO2 neutral fossil materials of recurring kind, i.e



industrially grown and harvested plant materials. Figures from this sort of power generation

have not been obtainable and are therefore not taken into account here. Danish power plants

do, however, increasingly make use of plant material as fuel, though still on a rather

insignificant scale.

The above mentioned facts do indeed reduce the validity of the calculations performed here

very seriously, and these calculation therefore suffer from the malaise of many other computer

age calculations: The infatuation with readily obtainable figures to the right of the decimal point

dwarfing the neglect of those less readily obtainable to the left. For this fact I extend my

humblest apologies to the readers, while for my defense I need mention that inclusion of above

mentioned reservations would prevent these calculations from being accepted or even glanced

at in the circles where most needed.

The result of the calculations

The result of the calculations are shown in table 3.
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TABLE 3.

Item

Tower
Nacelle cover
Nacelle chassis
Generator case
Generator interior
Generator wind
Main Shaft
Yaw System
Gear unit case
Gear unit interior
Hub Adapter
Rotor blades
Rotor blades
Foundation
Foundation
Foundation
Foundation
Al Cables
Al Cables
Transformer 2/3
Transformer 1/3
Oil for earthwork

TOTAL

20%
40%
40%

50%
50%

Material

Steel, rolled
Alum., rolled
Steel, rolled
Iron, cast
Steel roll/bar
Copper wire
Steel bar
Steel
Iron, cast
Steel
Iron, cast
Steel
fibergl.
Cement
Gravel/Stone
Steel
Removal
Aluminum
PVC
Steel, rolled
Copper wire
Diesel oil

Weight

kg
6 200

120
1835
230
460
460
330
335
390
390

1.120
274
642

6.960
60.000

760
70.000

417
260
333
111
200

Material

kWh/kg
1.4

2,77
1,4

2.66
1,4
6,6
1.4
1,4

2,66
1,4

2,66
1,4

4,43
0,62

0.013
3,53

0,026
20,8

7,6
1,4
6.6

3,75

Energy

kWh
8.680

332
2.569

612
552

3.036
462
469

1.037
546

2.979
384

2.844
4.315

780
2.683
1 820
8.674
1.976

466
733
750

Machining.

Addition

%
10
30
20
50

250
20

300
250

50
250

20
20
20

5

5

50
20

Total

Energy

kWh
9.548

432
3.0X3

918
1.932
3.643
1 848
1.642
1 556
1.911
3.575

460
3.413
4531

780
2.817
1.820
8674
1.976

699
879
750

57.209



SUMMARY

The total energy consumption for one installation is 57.209 kWh

The yearly average production for Denmark's 128 wind generators of the 95 kW type is for a
standard wind year = 210.000 kWh

For calculation of a standard wind year, the wind has been recorded by a mix of varied size
wind generators evenly spread over the country. The recording period used is 1978 to 1988.

TO PRODUCE THE ENERGY CONSUMED BY THE MANUFACTURE OF THE
TELLUS 1995, 95 KW WIND GENERATOR AND IT'S INSTALLATION WILL THEN
TAKE THE FULL PRODUCTION OF THE WIND GENERATOR IN
(57.209/210.000)X 12 = 3,3 MONTHS

THE LIFE OF THE WIND GENERATOR INSTALLATION IS EXPECTED TO BE
20 YEARS.

THE ENERGY CONSUMED BY THE MANUFACTURE OF THE INSTALLATION
THEN ACCOUNTS FOR (3,3/20X12)X100 = 1,4 % OF THE LIFE PRODUCTION.



CALCULATION OF THE ENERGY CONSUMED BY THE MANUFACTURING

AND

ERECTION OF A MODERN WIND GENERATOR INSTALLATION

February 1990

Erik Grum-Schwensen

Electronic Engineer

Engvej 21, 2791 Drag0r, Denmark

General.

The following is an attempt to make a calculation of the energy consumed by the manufacture and
erection of a modern wind power installation, in order to check if a modern wind generator
installation, during its life, is capable of producing the energy consumed by its manufacture.

A smaller wind farm, consisting of six 95 kW wind generators, is used as basis for the calculation.
The wind generators are of Danish manufacture, Tellus 1995 by 'Danish Wind Technology', now
merged with 'Vestas' to form 'Vestas - Danish Wind Technology'.

The wind generators are of the three bladed, stall regulated type with a dual winding generator
for two speed operation. The construction does not differ substantially from other generators on
the market, and this calculation is therefore valid for any installation of this size.

The six wind generators form a small wind farm on a piece of flat land close to the Copenhagen
International Airport of Kastrup, Denmark.
The generators are placed in two parallel rows with three in each. The two rows are placed 140
meters apart, and the distance between the generators in the rows is 125 meters. Five of the
generators are connected to a 500 kVA 10 kV transformer placed at the center of the wind farm
For special reasons, the sixth generator is connected to a transformer outside the farm The
distance from the central transformer to the public 10 kV power grid is 305 meters.
Included in the calculations are all cables within the wind farm, the 10 kV cable from the
transformer to the public grid, the transformer at the center and part of the transformer outside
the wind farm.



It should be noted that since this wind farm was built in 1989, the development of wind generators
has resulted in much larger units and more efficient rotor blade. Also the introduction of pitch
regulated rotor blades will yield lighter constructions for the same amount of energy produced.
The future will see these developments progress still further. It is therefore reasonable to predict
that the future developments will significantly shorten the energy payback time.

Basis for the Calculations.

Please note that the calculations are made for one 95 kW generator including its installations The
material consumption for the entire wind farm is therefore divided by 6 where required
In order to find the total amount of energy consumed by the manufacture of the entire installation,
it is necessary to break up the installation in its major parts and then calculate the energy
consumption of each part or component separately

The easiest and most accurate way of obtaining these figures would be to have each manufacturer
supply the figures from his production (eg Siemens informs that the energy cost of producing
a generator is so much). This, however, can not be done, since the manufacturers are not (yet) so
energy conscious as to follow up on such figures. Fortunately some information regarding the
total energy consumption of a production area is often available, and when the total production
of said area is available, it becomes possible to make a good estimate of the energy cost of the
components manufactured there. Unfortunately the various production areas of a plant are usually
engaged in the manufacture of several different types of components, which does indeed
complicate the process.
As a good background for the energy cost of materials, the comprehensive work "Handbook of
Industrial Energy Analysis" published 1979 (hereinafter abbreviated HIEA) by J. Boustead and
G. F Hancock has been used, but most of the figures in this analysis have been obtained by calling
upon the various manufacturers of materials
The rather massive variations in figures as obtained by Boustead and Hancock do indeed indicate
the uncertainty of energy calculation This uncertainty was indeed reflected in the variations of
the figures I obtained myself

It should be noted that this calculation is made during a time where all manufactures of
components and materials have, over a very long period of time, been accustomed to
abundant and cheap energy supply, and consequently have not been nearly as energy
conscious as they would have been, had they had to pay the full price of energy - the price
which also includes the environmental and other costs.

Oddly enough the 'energy balance' of clean energy producing wind generators becomes
dependent upon the effects of the neglect they are attempting to repair.
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Electrical Energy.

Since the purpose of the calculation, as stated above, is to check if the wind generator installation
is 'energy balanced', all energy figures somehow have to be converted to electrical energy, as
delivered by a wind generator.
Since electricity is energy of a higher order than that of fossil fuels, the efficiency of generating
electrical power from such sources must be brought into the picture. Unfortunately electricity is
the most difficult commodity to which to assign a satisfactory production efficiency.

For coal fired plants, which is what is used in Denmark, the efficiency is 23 to 31% (HTEA, 1979).
For Danish plants this efficiency lies somewhat higher due to sale of heating for urban area
housing (during the winter period).
When other figures are not available, 40% efficiency is therefore used.

When figures are taken from HTEA of 1979 the generating efficiency has been adjusted backwards
according to the figures applied for relevant material.

When Diesel oil is used to operate Diesel engines in cars or earth moving machinery, 25 %
efficiency is used.

Where electrical energy is used for a process, the kWh figure is entered directly into the calculation

In the following calculations the term Mega Joule (MJ) is used for non electrical energy, or for
electrical energy not yet converted to electricity figures. When the energy used for a process is purely
electrical, or has been converted into electricity, the term kilo Watt hour (kWh) is used. This is done
only to facilitate the reading of the calculations and to avoid adding a subscript to all electrical figures
(hence kWh means kWhe, f r o m w i n d generator)

Three things should be noted at this point:

1. Electricity efficiency figures available for fossil power plants do not include the
energy required to eliminate or transport and store the CO2 created by the
process Estimates indicate a reduction in efficiency by at least 50% for these
processes (if or once technology is developed to implement them).

Wind generators are locally employed and therefore not subject to the same
amount of transmission losses as are centrally located power plants

Wind generated electricity is not available when no wind is available and must
during such periods be replaced by electricity from ordinary power plants



Though the first two facts heavily affect the energy calculations in a for wind generator systems
positive way, which could hardly be counterbalanced by the third fact, no adjustment have been made
for either of them.

Though item 3 is certainly a limitation in relation to wind generated electricity it must be noted that
wind power will still be available when the easily available hydrocarbons, upon which our industrial
society rests, are depleted. In a market economy such limitations are usually reflected in the price of
a commodity, though this does not seem to be the case for the hydrocarbons.

For a conversion of fossil electrical energy to wind power generated electricity to be valid, such a
conversion should rest upon fossil materials of recurring kind, i.e industrially grown and harvested
plant materials Figures from this sort of power generation have not been obtainable and are therefore
not taken into account here.

The above mentioned facts do indeed reduce the validity of the calculations performed here
very seriously, and these calculation therefore suffer from the malaise of many other computer
age calculations: The infatuation with readily obtainable figures to the right of the decimal
point dwarfing the neglect of those less readily obtainable to the left. For this fact I extend
my humblest apologies to the readers, while for my defense I need mention that inclusion of
above mentioned reservations would prevent these calculations from being accepted or even
glanced at in the circles where most needed.

Recycling of Materials.

The raw materials mined form the earth and refined into usable materials constitute an energy
investment. A part of this investment is lost for good, and a part of it is ready to be re-used at a later
time through a further, though mostly lesser, investment in energy.

For most materials the energy cost of the recycled material versus the cost of the virgin material is
substantial.

The degree to which materials may be recycled and the cost thereof depends upon the products which
they go into and to the efforts applied to recapturing the materials.

When the airship Hindenburg was lost at the mooring at Lakehurst, New Jersey in 1937 the aluminum
from its frame was sent back to Germany where it went into the manufacture of fighter aircraft used
in the upcoming war. This sequence poignantly illustrates two levels of recycling possibilities for
nearly the same product.



For aluminum beverage cans the recycling is extremely country specific since some countries have
recycling systems including premiums on returned cans whereas other countries have no such system

An evaluation of the recycling possibilities is therefore imperative

Most of the materials used in the construction of a wind farm are good candidates for recycling for
mainly two reasons:

The construction consists of relatively few, mainly large, bulky items in which
the mixture of materials is limited.

The materials will for the most be intact at the end of the life cycle

To calculate with a rather high recycling rate will therefore be reasonable. Where components can
not be recycled, or only so at excessive cost, these components are calculated at their full new
production value, e.g. the cement for the foundation. Since this foundation has to be taken apart and
transported away, this constitutes a further negative energy investment

Fuel Energies.

The fuel energies used throughout are:

Heavy fuel oil 42,6 MJ/kg at efficiency 82,7 %

Diesel oil 45,21 MJ/kg " 83,6%

Natural gas 39 MJ/m3 " 87,5 %



TABLE 1

RAW MATERIAL DATA FOR ONE WIND GENERATOR INSTALLATION

EMPLOYING TELLUS 1995, 95 KW WIND GENERATOR

Tubular tower 22.6 m 8 mm steel plate galvanized.

Nacelle, cover

Nacelle, chassis

Generator

Main shaft

Yaw system

Gear unit

Rotor hub incl. adapters

Rotor blades (steel part) 3 x 98 kg

Rotor blades (fiberglass part) 3 x 214 kg

Cement for 243 m concrete 24 x 290 kg

Gravel/Stone aggregate, foundation 60.000 kg

Steel for reinforcement of concrete

Cables (Al part) 1/6 x 2.503 kg

Cables (plastic part) 1/6 x 1.560 kg

Transformer 500 kVA 1/5 x 2.500 kg

Oil - transportation, earthwork etc

6.200

120 1

1.835

1.150

330

335

780

1.120

274

642

6.960

760

417

260

500

200

kg

tg

kg

kg

kg

kg

kg

kg
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Tellus 1995, 95 kW Wind Generator.

iOTOR BLADE

ADAPTER

ROTOR HUB

MAIN SHAFT

GEAR UNIT

NACEaE COVER

GENERATOR

NACELLE CHASSIS

YAW SYSTEM

TUBULAR TOWER

CONCRETE FOUNDATION



The largest contributors of material to a wind generator is steel for the tubular tower and concrete
for the foundation A grid construction founded on three blocks would use less material.

The use of aluminum for cabling takes a heavy toll in energy; the use of copper cables would reduce
this figure.

In order to take a rough check upon the properties of the main materials used in the construction, the
following physical values for steel, copper and aluminum are listed:

STEEL COPPER ALUMINUM

Melting point 1530 °C 1083 °C 658 °C

Fusion heat 272 kJ/kg 209 kJ/kg 355 kJ/kg

Specific heat 0,49 kJ/kg°C 0,39 kJ/kg°C 0,92 kJ/kg°C

Melting energy 1018 kJ/kg 628 kJ/kg 953 kJ/kg

As can be seen from above table, the energy consumption by melting of these three metals are of
similar magnitude. Whenever the weight of a component is known, though not the true mixture of
its materials, a faulty guess should not affect the calculations severely

In this context it should be noted that physically no energy is consumed at the heating and subsequent
cooling of a material. It is the state of the art in metal processing which allows more or less of the
energy to escape. Particularly the Second Law of Thermodynamics is displaying the primitive stage
of our technology.



CALCULATION OF THE ENERGY CONSUMPTION FOR EACH MAJOR
MATERIAL USED IN THE INSTALLATION

STEEL PRODUCTION

Steel from Scrap.

The steel mill at Frederiksvaerk in Denmark produces rolled steel and steel profiles from scrap in
electric ovens

The steel mill gives the following data for their production:

Raw material proportion:

92 % scrap steel used

8 % virgin steel from blast furnace

During the scrap steel process about 2 - 3% of the material is lost and must therefore be replaced by
virgin steel The raw material proportions are therefore altered to

88 % scrap steel

12 % virgin steel from blast furnace

Plant's total electricity requirement for steel production, incl. el. for rolling processes is

600 - 1.200 kWh/t averaging 900 kWh/t

Handling of scrap outside plant is set at 300 MJ/t

yielding 300 x 0,40 x 0,2778 kWh at 40% el. efficiency = 33 kWh/t

Transportation of scrap outside the plant is set at 320 MJ/t

yielding 320 x 0,25 x 0,2778 kWh at 25% el. efficiency 22 kWh/t



zii-
Total for scrap steel part before rolling 955 kWh/t

From the above figure should be subtracted the steel mill's sale of heating energy to the district
heating system of the town of Frederiksvajrk.

Sale of heating energy to the

town of Frederiksvaerk 291 TJ/year (1989)

corresponding to 32.333.000 kWh/year (40% el. eff.)

for a yearly production of 600.000 tons steel

corresponding to 54 kWh/ton steel

which yields 955 kWh/t - 54 kWh/t = 901 kWh/t

Rolling of steel for sheets 40 m gas/t = 1783 MJ/t

yielding 1783 x 0,40 x 0,2778 kWh at 40% el. efficiency = 198 kWh/t

Gas is North See gas at 39.000 kJ/m3 eff. 87,5 %

Steel Production from Ore in the Ground.

Reference to Boustead HBEA, 1979, the production of finished general steel products is ranging from
20.000 - 60.000 MJ/t calculated at electric efficiency of 24 - 30%

Steel ingot from ore is ranging from 28.000 - 50.000 MJ/t

For these calculations is used the average figure of

calculated at stated electric efficiency of 30 %

Yielding 40.000 x 0,30x0,2778 kWh =

40.000 MJ/t

3.333 kWh/t

Steel production from ore in the ground is set at 3.333 kWh/kg



Scrap Steel and Ore Steel Production Combined.

Scrap iron part 88 % of 901 kWh = 793 kWh

Iron ore part 12 % of 3.333 kWh = 400 kWh

which totals for treated steel 1.193 kWh/t

The energy used for rolling 1 ton steel 198 kWh/t

Total energy used for 1 ton rolled steel fr. Frederiksvzerk 1.391 kWh

Energy consumption for rolled steel production 1.359 kWh/t = 1,4 kWh/kg

CAST IRON PRODUCTION

The Chrysler foundries (Boustead HIAE, 1979) have reported:

Cast iron from scrap and Ferro-alloy 23,94 MJ/kg

as no further breakdown or electric efficiency is reported 40% is used

yielding 23,94 x 0,40 x .2778 ^ 2,66 kWh/kg

Cast iron is set at 2,7 kWh/kg



PRODUCTION OF POWER CABLES.

Aluminum Part

All power cables for the wind farm are made of aluminum.

Energy for electrolysis = 13,2kWh/kg

Coal anode 15 MJ/kg

yielding at 40 % el. eff. 1,66 kWh/kg

Bauxite mining and treatment 3 5 MJ/kg

yielding at 40 el eff. 3,88 kWh/kg

Transport 0,3 kWh/kg

Aluminum ingots 19,04 kWh/kg

NKT (Nordisk Kabel og Trad) produces 18.000 t cables/year

to which is consumed 27 GWh el

and 600 t propane gas = 34.423 GJ

(propane gas at 50,2 MJ/kg and 87,5% eff.)

yielding at 40 % el. eff. 3,82 GWh

Totaling 30,8 GWh

Energy consumed in the cable working processes is:

30,8 GWh/18.000 t cables = 1,71 kWh/kg

Total energy consumed by production of aluminum for cables 20,8 kWh/kg

As the aluminum used in the cables is protected by plastic insulation, it will be intact by the
expiration of the wind generator life time. Therefore only a part of the energy consumed by the
extremely energy costly electrolysis process ought to be reckoned with. This, however, is not done
here; the full figure of 20.800 kWh/t is used in the calculations for all cables.



Plastic part.

PVC is produced through the polymerization of oil or gas.

Boustead HIAS (1979) states the energy consumption as 85,3 MJ/kg with a rated oil efficiency
of 30% and el. efficiency at 30 %

yielding 7,13 kWh/kg.

The Danish association of plastic manufacturers informed that the energy consumption for
production of PVC is as follows

Raw material production 60 MJ/kg

Molding and shaping 9 MJ/kg

Total 69 MJ/kg

yielding at 40 % el. efficiency 7,6 kWh/kg

Total energy consumed by PVC for cables is set at 7,6 kWh/kg



ALUMINUM SHEET FOR NACELLE COVER.

The aluminum cover for the nacelle is not required to be of electrolytic quality and may therefore
be produced from recycled aluminum.

Aluminum from scrap (Boustead, HIAE 1979) 8,11 MJ/kg

yielding at stated el. eff. 26,7 % 0,6 kWh/kg

Assumed 10 loss in process to be supplied by virgin aluminum

10% at 19,04 kWh/kg = 1,904 kWh/kg

90% at 0,6 kWh/kg = 0,54 kWh/kg

Rolling of aluminum 3 MJ/kg

yielding at 40 % el. efficiency 0,33 kWh/kg

Sheet aluminum from scrap 2,77 kWh/kg



PRODUCTION OF FIBER GLASS FOR THE ROTOR BLADES.

Glass Fiber part.

Holmegard Glasvasrk, Fensmark, Denmark gives following figures for the production glass from
sand and soda:

Oil for heating 0,110 kg/kg

yielding (oil 42,6 MJ/kg at 82,7%) 5,665 MJ/kg

yielding at 40 % el. efficiency 0,629 kWh/kg

Raw material fabrication 5000 MJ/t

yielding at 40 % el. efficiency 0,556 kWh/kg

Fibration of glass (Superfos, Denmark) 2,88 MJ/kg

yielding at 40 % el. efficiency 0,32 kWh/kg

Total energy consumed by glass fiber production 1,51 kWh/kg

It should be mentioned that Holmegard Glasvaerk supplies all central heating to the neighboring
town of Fensmark, and as such this sale should likewise be subtracted from the total figure This,
however is not done, as the total figures for Holmegard's glass production were not available.

Polyester Part.

For the production of polyester Boustead (1993) has

Electrical energy 3,830 kWh/kg 3,830 kWh/kg

Process energy 20,200 MJ/kg

Raw materials 17,300 MJ/kg

Process and raw materials 37,500 MJ at 40% eff. = 4,167 kWh/kg

Polyester total 7,997 kWh/kg



The producer of the rotor blades, LM Glassfiber Works, Lunderskov, Denmark, informs that the
proportion of fiber glass fiber to polyester going into rotor blade construction is:

Glass fibers 55-60 %

Polyester 40 - 45 %

55% fiberglass at 1,51 kWh/kg = 0,83 kWh/kg

45% polyester at 7,997 kWh/kg = 3,6 kWh/kg

Total energy for fiberglass for rotor blade production 4,43 kWh/kg



REINFORCED CONCRETE FOUNDATION.

Cement for Concrete.

F L. Smidth Industries, Copenhagen, Denmark has informed that their newest (1988) cement
ovens have the following data for cement production:

Burning of the clinkers (oil or coal) 1.050 kCal/kg

Grinding, milling etc. lOOkWh/t

which converted yields:

Burning of clinkers

yielding at 40% el efficiency

Milling etc.

Mining and transport 0,05 MJ/kg

Delivery and transportation 0,15 MJ/kg

4,39 MJ/kg

OJOkWh/kg

0,49 kWh/kg

0,01 kWh/kg

0,02 kWh/kg

Total for cement production 0,62 kWh/kg

STEEL FOR REINFORCEMENT OF THE CONCRETE

Since the steel going into the concrete foundation can not be considered recyclable the figures for
virgin steel are used.

Steel for foundation 3,33 kWh/kg

Rolling of steel 0,2 kWh/kg

Total for reinforcement steel 3,53 kWh/kg



OTHER RAW MATERIALS FOR CONCRETE FOUNDATION.

Mining and transportation of gravel and stone aggregate 100 MJ/t

yielding at 40 % el. eff 0,011 kWh/kg

Concrete mixing 0,001 kWh/kg

Transport to site 0,1 MJ/kg

yielding at 25% el. eff. 0,001 kWh/kg

Total other raw materials 0,013 kWh/kg

For removal of foundation at life end of installation is set at twice the mining and transportation
cost of raw materials

Removal of foundation 0,026 kWh/kg



2.F)

COPPER WIRE FOR ELECTRIC GENERATOR AND 10KV TRANSFORMER.

Electrolytic Copper from Ore.

For the generator and transformer must be used copper of electrolytic quality

Boustead HIAE, 1979 has:

Electrolytic copper from ore per ton:

Mining Diesel oil 60.000 BTU (at 83,6 % eff.) «

Electricity 540 kWh

Concentrating: Natural gas 27500 BTU (at 87,5 % eff.)

Electricity 2626 kWh

Smelting Natural gas 21.000.000 BTU (at 87,5 % eff.) *

Electricity 300 kWh

Refining Natural gas 310.000 BTU (at 87,5 % eff.) =

Electricity 720 kWh

Totaling Gas and oil 25.802 MJ (at 40 % el. eff ) *

Electricity

Total for electrolytic copper from ore

75,7 MJ

33,2 MJ

25.320 MJ

373,8 MJ

2.867 kWh/t

4.195 kWh/t

7,1 kWh/kg



Electrolytic copper from impure scrap.

BousteadHIEA 1979 has:

Electrolytic copper from impure scrap per ton:

Electricity 922 kWh

Oil 62 Gal. * 12.202 MJ« 1.355 kWh

Coke 760 kg * 22.309 MJ * 2.479 kWh

Electrolytic copper from scrap 4.756 kWh/t

Gal oil = 4.551 x 0,8 kg x 45,21 MJ at 83,6 % = 196,8 MJ/Gal

Coke = 25,42 MJ at 86,61 % = 29,35 MJ/kg

Since wiring employed in the generator and transformer are reasonably recyclable a recycling rate
of 80 % is assumed, giving

80 % copper at 4,8 kWh/kg = 3,84 kWh

20 % copper at 7,1 kWh/kg = 1,42 kWh

Totaling 5,26 kWh/kg

Copper Wire Production.

Copper wire from copper bar 11,78 MJ/kg

yielding at 40 % el. eff. 1,31 kWh/kg

Total for copper wire in generator and transformer 6,6 kWh/kg



MACHINING OPERATIONS

The energy required for machining processes vary markedly with the components used in the wind
generator. Table 2 shows the percentages added and used in table 3 for calculation of the total
energy consumption of the installation.

TABLE 2.

Machining Operation and Item Machining

addition

Forming and handling reinforcement steel 5
Arc welding and forming of rolled steel, very large items (tube tower) 10
Welding, forming , drilling of large items (nacelle chassis) 20
Drilling, shaping and machining of coarse cast iron items (hub adapter) 20
Forming of rotor blades 20
Welding and forming of smaller items (nacelle cover) 30
Shaping, soldering of copper rods and heavy wire (generator and transformer) 30
Extensive drilling / machining of cast iron items (generator and gear casing) 50

Shaping of thinner sheet metal items (generator and transformer) 50
Precision machining of metal parts (gear, yaw system and generator interior) 250
Forging and machining of main shaft 300

The total energy consumption of one wind generator installation is summed up in table 3.



TABLE 3.

Item

Tower
Nacelle cover
Nacelle chassis
Generator case
Generator interior
Generator wind
Main Shaft
Yaw System
Gear unit case
Gear unit interior
Hub Adapter
Rotor blades
Rotor blades
Foundation
Foundation
Foundation
Foundation
Al Cables
Al Cables
Transformer 2/3
Transformer 1/3
Oil for earthwork

TOTAL

20%
40%
40%

50%
50%

Material

Steel, rolled
Alum., rolled
Steel, rolled
Iron, cast
Steel roll/bar
Copper wire
Steel bar
Steel
Iron, cast
Steel
Iron, cast
Steel
fibergl
Cement
Gravel/Stone
Steel
Removal
Aluminum
PVC
Steel, rolled
Copper wire
Diesel oil

Weight

kg
6.200

120
1835
230
460
460
330
335
390
390

1.120
274
642

6.960
60 000

760
70.000

417
260
333
111
200

Material

kWh/kg
1,4

2,77
1,4

2,66
1,4
6,6
1,4
1,4

2.66
1,4

2,66
1.4

4,43
0,62

0,013
3,53

0,026
20,8

7,6
1,4
6.6

3,75

hnergy

kWh
8.680

332
2.569

612
552

3 036
462
469

1.037
546

2.979
384

2.844
4.315

780
2.683
1.820
8.674
1.976

466
733
750

Machining.
Addition

%
10
30
20
50

250
20

300
250

50
250

20
20
20

5

5

50
20

lotal
Energy
kWh
9.548

432
3.083

918
1.932
3.643
1.848
1.642
1.556
1.911
3.575

460
3.413
4.531

780
2.817
1.820
8.674
1.976

699
879
750

57.209

The total energy consumption for one installation is 57.209 kWh



The yearly average production for Denmark's 128 wind generators of the 95 kW type is for a
standard wind year = 210.000 kWh

For calculation of a standard wind year, the wind has been recorded by a mix of varied size wind
generators evenly spread over the country. The recording period used is 1978 to 1988.

TO PRODUCE THE ENERGY CONSUMED BY THE MANUFACTURE OF THE TELLUS
1995, 95 KW WIND GENERATOR AND IT'S INSTALLATION WILL THEN TAKE THE
FULL PRODUCTION OF THE WIND GENERATOR IN (57.209/210.000)X 12 = 3,3
MONTHS

THE LIFE OF THE WIND GENERATOR INSTALLATION IS EXPECTED TO BE 20
YEARS.

THE ENERGY CONSUMED BY THE MANUFACTURE OF THE INSTALLATION THEN
ACCOUNTS FOR (3,3/20X12)X100 = 1,4 % OF THE LIFE PRODUCTION.

Date February 1990, revised march 1996.

Erik Grum-Schwensen

Engvej 21,

2791 Drag0r.

Denmark



Facilitating GHG Mitigation for
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The UNIDO Project
• "The Impact of Employing Improved

Technologies and Processes on Industrial
Greenhouse Gas Emissions'7

• The Project Team
# UNIDO Industrial Sectors & Environment Division
# Stockholm Environment Institute (Stockholm &

Boston Centers)
# Tata Energy Research Institute (India)
# Fondacion Bariloche (Argentina)
# Energy Research Institute (South Africa)

UIUIDO
*^!%j? COP-2 Presentation, July 1996



Project Outputs/ Timeline

• Phase I — Completion by Dec. 1996
• Review of Industrial Energy Use and GHG

Emissions
• Industry-Specific Case Studies
• Industrial Technology Inventory
• Spreadsheet Analysis Tool

• An Illustrative Analysis

• Phase II -1997
• Refinement and Dissemination of Tools

• In-depth Industry studies

UNIDO
COP-2 Presentation, July 1996



Preliminary Case Studies

To illustrate current industrial knowledge and
technology status
Africa (ERI)
• Egypt, South Africa, Zimbabwe

Latin America (Bariloche)
• Argentina, Brazil, Trinidad and Tobago

Asia (TERI)
• China, India, and 3rd Country

UN DO
COP-2 Presentation, July 1996



Patterns in Industrialization

Rapid increase in consumption of energy-intensive
materials in early stages of industrialization

Leveling off of per-capita materials consumption -
shift to more diversified service orientation as
economies mature

Globalization of economies; removal of trade
barriers

Enormous opportunities for transfer of improved,
low GHG-emitting technologies

UNIDO
#3§j? COP-2 Presentation, July 1996



Current & Projected Industrial Sector
Energy Use by Region, 1990-2050
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Industrial CO2 Emissions, 1990
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Projected CO2 Emissions, 2050
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Potential for Energy Savings in Developing
Countries from Improved Technologies, 2020

• Refining
m Cement
• Chemicals
• Paper & Pulp
• Iron & Steel

Business as
Usual

State of the Ecologically
Art Driven

Based on World energy Council (1995)
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Industrial Technology Inventory
m Implemented as spreadsheet (EXCEL) for rapid,

open development
# Specific Options by Industry

> Iron & Steel, Cement, Pulp & Paper, Petroleum Refining,
Nitrogen Fertilizers, Others

# Crosscutting Measures
» Cogeneration, Fuel Switching, Motors Systems, Lighting

# Developing and Industrialized Country Data:
i Sources include commissioned case studies, Greentie,

CADDET, other industry studies...

UNIDO
W&W COP-2 Presentation, July 1996



Contents of the Inventory

• Current, State of the Art, and Advanced
Technologies
# Energy: Process Energy Use, Savings Estimates
• Costs: Capital, O&M, Cost of Saved Energy
# Sources: Where to go for more information

• Other: Emissions, Productivity, Non-Energy
Impacts, Technology Providers

• Initial inventory (Phase I) includes limited, but
broad coverage of technical options (currently
300+ entries from 30 references)

UNIDO
*%j? COP-2 Presentation, July 1996



Inventory Structure
Sector
Pulp&Paper \
Iron&Steel \
Cement \
Petroleum Refining
Nitrogen Fertilizer \
General

Stages
*Aggregate
Pulping
Bleaching /
Wood Preparation /
Chemical Recovery

\ Paper Making ^ ^
Multi-Stage ^ " " \ ^

Technologies
/ Extended Nip Press

/ Reduced Air Requirements
Waste Heat Recovery
Wet Pressing Advances
High Consistency Forming
Infrared Radiation Drying
Impulse Drying

• Industry specific options classified according to Stage
and Technology

# Cross Cutting Technologies under " General"

UNIDO
COP-2 Presentation, July 1996



Viewing Cost Data
Microsoft Excel - INDTECH3.XLS

- ; File Edit View Insert format loois Qata Vflndow

135X

Sector:

Stage:

View:

Industrial Technology Inventory

Iron & Steel

Steel Making

Cost Data

EnergyData

Non-Energy Impacts

Country &

Year
1988 Dfl=$.5O

1988 Dfl=$.5O

1988 Dfl=$.5O

Process/

Technology
BOF,Closed OxyGas System

BOF, Increase Scrap Use

BOF, Extra Scrap

BOF,Repressed Combustion Closed OG System

BOF,Gas Recovery |

BOF,Gas Recovery ;

BOF,Slag Heat Recovery \

BOFJn Process Temperature and Carbon Control

BOF,Gas Waste Heat Recovery

BOF, Gas Wa ste Heat Recovery

BOF, Off Gas Heat Recovery

MlSUi iKTech lnver r to^ / Reference / toonyro / Codorwatnn M*i_J

$1 24/GJ

$5.01/GJ

34.18/GJ

31.70/GJ

S3.0O/GJ

Cost of Capital O&M

General Saved Energy Cost Cost Cur.Unit
2.25

90
69

125 to 150

22 to 37

0.26

2.4
4.1

million US$

million U3$

million USS

million USS

million USS



Selecting a Stage
Microsoft Excel - INOTf: CH3.XI.S

H Ble £dit View Insert Fflrmat loots fiata &lidow

Sector:

Stage:

Iron & Steel [jj

Industrial Technology inventory

Steel Making

Process/
Technology

Country &
Year

Aggregate
Agglomerization
Coke Making
Iron Makin
Steel Maktrta
Secondary Refining
Casting
Forming & Finishin Unitswings
Energy Use Mid/Low Nigh Energy Physical

BOF, Closed OxyGas System

BOFJncrease Scrap Use

BOF, Extra Scrap

BOF,Repressed Combustion Closed OG System

BOF,Gas Recovery

ROF.Raa Renovftiy

BOF.Slag Heat Recovery

BOFJn Process Temperature and Carbon Control

BOF,Gas Waste Heat Recovery

BOF,Gas Waste Heat Recovery

BOF,Off Gas Heat Recovery

"lnventory/fletawca« / Acronym* / Cogenetabon j|i*J_J

0.09

0.48

0.55

0.75

0B

0.14

>200

0.08

0.85

07

0.12

<200

GJ per ton crude steel

per

GJ per ton crude steel

GJ per ton crude steel

GJ per ton steel

ft,I per ton

GJ per ton crude steel

kBtu per ton

GJ per ton steel

per

kBtu per ton
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The Inventory Spreadsheet
£dH

Microsoft fixed INO1ECH3.XI..S
jnacrt format Tools Qata Window j jdfr

Sector:

Stage:

View:

industrial Technology Inventory

| Country &

Year

Iron & Steel I±J
Aggregate

Energy Data

Technology
BOF Re:erence Plan:
EAF Reference Plani
EAF Scrap Reference Plant
National Average
National Average
National Average

National Average

National Average

State of the Art

Advanced Mni Mill

Average Miri Mil

D l^et s3Vings — ——-—- Units -
Energy Use Mid/Low High Energy Physical

India 1391

Mexico, 1991

3outi Kcrea, 1991

"aiwan, 1001

U.S., 1983

U8.P010

18.1

20
7.5

'38. f

31.6

17.7

20.3

22.2 :

139

India. 1990
4C0
750

Inventory / Refvences /Acronym* / Cogarecation jji.*|_J

GJ per

GJ per

GJ per

GJ per

GJ per

GJ per

CJ per

MBtu per

MRtu per

kWhper

WVhper

ton carbon steel

ton carbon sieel

ton carbon sleel

tonne

tonne
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Schematic of the Analysis Tool
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Help Screen
File Edit Bookmark Help

UNIDO Industrial Technical Inventor/

£orrtenUJ Search | History

UNIDO

The UNIDO industrial Technologies Inventory

Overview
Spreadsheet Structure

Sector
Stage
Process ,
Technology

Using the Spreadsheet
Views: Energy Data
Views: Cost information
Views: References
Views: fslon-gnerov Impacts

For help on help: press Ft



Spreadsheet Analysis Framework

• To enable rapid assessment of energy and
GHG savings by industry type
• Using the Technology Inventory or other, site-

specific information
• To identify promising technologies and mitigation

options, their costs and benefits, and financing
requirements.

• An illustrative analysis, based on case studies,
will demonstrate application

_.6»
UNIDO
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Motivation for Study

Request by Group of 11 and China for a study
on the transfer of environmentally sound
technology
COP1 Decision 13/CP.l and SBSTA
recognition of need for technology inventories
and assessment " \

UNIDO
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Complete initial inventory & spreadsheet analysis
case

Extend data base content & coverage "V

Link to other international efforts and databases (e.g
Climate Technology Initiative, Greentie, etc.)

COP-2 Presentation, July 1996


