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GREENHOUSE GAS EMISSIONS FROM ENERGY SYSTEMS: COMPARISON AND OVERVIEW R. Dones, T. Heck, S. Hirschberg The paper provides an overview and comparison of Greenhouse Gas Emissions associated with fossil, nuclear and renewable energy systems. In this context both the direct technology-specific emissions and the contributions from full energy chains within the Life Cycle Assessment framework are considered. Examples illustrating the differences between countries and regional electricity mixes are also provided. Core results presented here are based on the work performed at PSI, and by partners within the Swiss Centre for Life-Cycle Inventories. 1



INTRODUCTION



According to the Inter-Governmental Panel on Climate Change (IPCC), the Earth’s climate system is continuously evolving, both globally and regionally, with some of the changes being attributable to human activities, and resulting in emissions of Greenhouse Gases. Energy supply systems, and fossil-fuel systems in particular, are the dominant contributors to the emissions of these gases. This article provides comparisons of Greenhouse Gas (GHG) emissions primarily derived using the most recent results from a comprehensive Swiss study addressing Life-Cycle Assessment (LCA) issues based on environmental inventories of European-wide energy systems [1]. The work has been undertaken by PSI and its partners in the framework of the ecoinvent 2000 Project [2]. Results are compared with other selected studies carried out in other countries. Information on the methodological aspects of LCA, as applied in the Swiss study, will be provided in Chapter 2. The main aim of ecoinvent 2000 was to achieve consistency between the different LCA databases maintained by the participating organisations, and to update and integrate them within the ecoinvent database. Those included are: energy systems (PSI); materials and metals (EMPA); transport systems (ETHZ); waste treatment and disposal (EMPA); chemicals (ETHZ); and agricultural products (FAL). Approximately 2500 individual processes have been modelled, and 1000 elementary environmental flows placed in the inventory, including emissions, solid wastes, resources and land usage. The modules are integrated based on an algorithm reflecting the interaction of industrial activities within the economy. The energy systems which have been assessed, making up about half of the processes available in the database, include electricity and heating systems. Fossil, nuclear and renewable systems, associated with Swiss and European power plants, boilers and cogeneration plants, have all been assessed; these reflect prevailing conditions around the reference year 2000. The centralised, web-based, LCA data system ecoinvent 2000 has been developed and implemented by the Swiss Centre for Life Cycle Inventories, and supported by Swiss Federal Offices. Since September 2003, its first user-friendly version has been available via the Internet.



1.1



Global Greenhouse Gas Emissions from Energy Systems and Other Sources



According to the IPCC, the anthropogenic greenhouse gas (GHG) emissions contributing most evidently to Global Warming in terms of relative radiative forcing are CO2, CH4, halocarbons and N2O [3]. Radiative forcing is the change in the net vertical irradiance (in Wm-2) at the boundary between the troposphere and the stratosphere. Compared to the pre-industrial era (250 years ago) additional radiative forcing due to increases of GHGs is estimated to be 2.43 Wm-2, of which CO2 contributes most (1.46 Wm-2), followed by -2 -2 CH4 (0.48 Wm ), halocarbons (0.34 Wm ), and N2O -2 (0.15 Wm ). Other possible factors influencing the global climate are less well-understood, and so quantitatively more uncertain. Among them are: stratospheric ozone (cooling); tropospheric ozone (warming); sulphate (cooling); black carbon and organic carbon (warming or cooling); biomass burning (cooling); mineral dust (warming or cooling); aerosol indirect effects (cooling); land-usage (change of albedo, i.e. share of reflected sun light); and solar variation (minimal). Table 1 gives the global emissions of the major GHGs and the contribution of anthropogenic sources in the late 1990s. CO2 emissions originate mainly from combustion of fossil fuels, and are quite well-known. However, total emission rates of CH4 and N2O are much more uncertain. Halocarbons are molecules containing carbon, and either chlorine, fluorine, bromine or iodine. Among the halocarbons are several refrigerants, used as working fluids for cooling or heating. Many refrigerants of use in the industry sector (in refrigerators, heat pumps, air conditioners, etc.) have very high Global Warming Potential (GWP) on a per-kg-emitted basis. Energy scenarios for the reduction of CO2 emissions often include increased use of heat pumps, which substitute for fossil-fuel heating systems, and for which refrigerant emissions caused by leakages counteract (to a certain extent) the total GHG balance. In contrast, halocarbon emissions are almost completely man-made. Table 1 does not include refrigerants such as CFC-11 or CFC12, which have been banned because of their high ozone-depleting potential; they currently have low emission rates, but are still abundant in the atmosphere because of past emissions.



28 Table 1: Annual emissions of important greenhouse gases in the late 1990s [3]. Annual Emissions [Mt/year] 29000 22400 700 6000 (3000-9000) 600 100 (89-110) 40 (23-55) 230 230 26 0.3 (0.2-0.4) 2.0 (1.1-2.8) 8.5 (7.6-9.6) 15



Life time [years]



GWP 100-yr



CO2-equiv. 100-yr [Mt/year] 29000 22400 700 6000 13800 2300 900 5300 5300 7700 90 600 2500 4500



CO2: 1 - Fossil fuels - Cement production - Land use, etc. CH4: 8.4-12 23 - Energy - Biomass burning - Other anthropogenic sources - Natural sources N2O: 120 296 - Automobiles - Industry, incl. Energy - Other anthropogenic sources - Natural sources HFC refrigerants: HFC-23 0.007 260 12000 84 HFC-134a 0.025 13.8 1300 33 HFC-152a 0.004 1.4 120 0.5 Other halocarbons: Perfluoromethane (CF4) 0.015 >50000 5700 86 Perfluoroethane (C2F6) 0.002 10000 11900 24 Sulphur hexafluoride (SF6) 0.006 3200 22200 133 Emissions are given in real mass per year and CO2-equivalent mass per year.GWP=Global Warming Potential; HFC=Hydrofluorocarbon. All figures have been rounded.



1.2



Methodological Basis and Scope of Comparisons



The most straightforward accounting of GHG emissions is based on emission factors associated with combustion of the various fossil fuels. This approach can also be used for estimating the overall national emission inventories, but is not practical when trying to fully account for emissions associated with the use of specific technologies. While uses of nuclear and renewable energy sources exhibit practically negligible emission levels for GHGs at the stage of power generation, the same is not necessarily true for other stages of the corresponding energy chains. In addition, emissions may arise when manufacturing the components for the plants, transporting fuels and other materials, or at the decommissioning stage. LCA, an approach utilising process-chain analysis specific to the types of fuels used in each process, allows for the full accounting of all such emissions, even when they take place outside the national boundaries. Thus, LCA considers not only emissions from power plant construction, operation and decommissioning, but also the environmental burdens associated with the entire lifetime of all the relevant upstream and downstream processes within the energy chain. These processes include exploration, extraction, processing and transport of the energy carrier, as well as waste treatment and disposal. The direct emissions include releases from the operation of power plants, mines, processing factories and transport systems. In addition, indirect emissions are also covered, originating from manufacturing and transport of materials from energy inputs to all steps in the chain, as well as those from the infrastructure. An alternative, non-process-oriented approach is the Input/Output (I/O) method, which divides the economy



into distinct sectors, and is based on the input and output between the sectors to generate the energy flows and associated emissions. A hybrid approach is also frequently employed, combining LCA and I/O methods; the I/O method is then used exclusively for assessing the processes of secondary importance. 2



ENERGY CHAIN SPECIFIC GREENHOUSE GAS EMISSIONS



Some basic features of the LCA methodology, as applied to the Swiss applications, are summarised below; most of these principles also apply to other state-of-the-art studies which, however, may differ in terms of scope, level of detail, specific assumptions, and methodology applied (some results are based on hybrid approaches). The most important features are listed here. •



Energy systems, transport systems, material manufacturing, production of chemicals, waste treatment and disposal, as well as agricultural products, have all been assessed using detailed process analysis developed under common and consistently defined rules.



•



Electricity inputs have been modelled using production technology or supply mix as close as possible to the actual situation. In the case of lack of specification, the UCTE (Union for the Coordination of Transmission of Electricity, mainly continental Western Europe) mix was used as an approximation.



•



Allocation criteria were developed for multipurpose processes.



The results provided in this section focus on electricity supply, but selected results are also given for heat generation and cogeneration systems. All GHG
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2.1



Fossil Energy Chains



2.1.1 Coal Hard Coal In the Swiss study [1], European, country-specific, average power plants were analysed, operating around year 2000. For the estimation of the infrastructure of the plants, two rated power levels of 100 MW and 500 MW were considered; a mix with a share of 10% and 90%, respectively, was defined for the reference plant. The reference unit was assumed to be used under mid-load, with 4000 hours of operation per year at full capacity, and 150 000 hours over its entire lifetime. Emission of CO2 was estimated on the basis of coal characteristics (i.e. at Lower Heating Values, in the range 22.1 MJ/kg to 26.6 MJ/kg), and at the average net efficiencies of single units operating in Europe (29% to 40%); the emissions of CH4, N2O and CO are averages taken from the literature. Average coal from eight supply regions was considered: West and East Europe, North and South America, Australia, Russia, South Africa and the Far East. Specific average data were used for the coal characteristics (i.e. at Upper Heating Values, in the range 20 MJ/kg to 28 MJ/kg), the share of open pit to underground mines, methane emissions, land usage and energy use for each of the regions. Import mixes have been defined for the year 2000 for all European countries with coal plants. The average methane emissions from coal mining in the eight regions modelled range from 0.16 g CH4/kg (typical emission from open-pit coal mines in the USA) to 13.6 g CH4/kg (coal produced in Western Europe). The results for GHG GWP 100a from the chains associated with the average hard coal power plants in European countries is from 949 g CO2-equiv./kWh for the NORDEL (Scandinavian) countries to 1280 g CO2-equiv./kWh for the Czech Republic (including several co-generating plants in which the emission is entirely allocated to electricity generation). The average for UCTE countries (excluding the CENTREL countries, i.e. the Czech Republic, Hungary, Poland and Slovakia) in year 2000 is 1070 g CO2-equiv./kWh. Methane contributes nearly 7% to the total GHG emissions for the UCTE average hard-coal chain, N2O about 0.8%, while CO2 emissions essentially make up the rest. The upstream chain contributes between 8% (Portugal) to 12.5% (Germany) to the total GHG emission. The total GHG associated with production regions varies between 0.04 kg CO2-equiv./kg coal (in South America) to 0.288 kg CO2-equiv./kg coal (in Russia). Figure 1 gives a comparison between the range of averages estimates of normalised GHG emissions for



the UCTE countries [1], the averages for Japan [4] and the USA [5], the range obtained for the coal chain in the Shandong Province in China [6], and the range according to a world-wide survey carried out in 1997 [7]. As can be seen, the Japanese and the US results are on the lower side of the ranges for the UCTE countries, and for the world-wide 1997 survey; the same applies to the lower range estimates from the study for China. The higher range from the Chinese study reflects the low efficiency characteristics of their plants, in particular for the smaller units, as well as the large contribution from mining. The potentially very substantial (but difficult to estimate) additional GHG emissions from uncontrolled coal fires have not been included in the statistics. 1800 Range of values
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g(CO2-equiv.) / kWh



emissions are given using GWP for the 100 years time horizon [3].
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Fig. 1: GHG emissions from coal-power plants and associated fuel cycles according to different studies. Lignite The reference plant used for lignite in the Swiss LCA study [1] has similar characteristics to those for hard coal, but a larger share of plants of low-rated power has been used. The reference unit is assumed to be used for a base load of 6000 hours of operation per year, at full capacity, and for a total of 200 000 hours during its lifetime. Emissions of CO2 are estimated on the basis of the characteristics of average lignite boring (i.e. Lower Heating Values, in the range 5.2 MJ/kg to 16.6 MJ/kg), and the average efficiencies of single units operating in Europe (between 23% and 40%, averaged over all countries), while emissions of CH4, N2O and CO are UCTE-averages taken from the literature. Considering that lignite plants are mine-mouth, only an average European open-pit mine has been modelled, and this on the basis of information limited to a few mines. Only 0.23 g CH4/kg lignite is assumed to have been emitted during the mining operations. The results from the chains associated with the average lignite power plants in the European countries is from 1060 g CO2-equiv./kWh (for Austria) to 1690 g CO2-equiv./kWh (for Slovakia). The average for the UCTE countries (excluding CENTREL) in the year 2000 is calculated as 1230 g CO2-equiv./kWh. Methane contributes about 0.6% to total GHG emission for the UCTE-averaged lignite chain, N2O
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2.1.2 Oil Since the role of oil in electricity generation is decreasing, only a few key factors are provided in the Swiss study [1]. The average GHG emissions of oil chains from the European countries range from 519 g CO2-equiv./kWh to 1200 g CO2-equiv./kWh, depending on the respective use of power plants for base or peak load. The UCTE average for the year 2000 was about 880 g CO2-equiv./kWh, of which about 88%, or 775 g/kWh, may be attributed to direct emission during power plant operation. For the fuel-oil supply, emissions occur during crude oil exploration, long-distance transport (e.g. in transoceanic tankers), processing in refineries, and local distribution. For an average oil-based power plant in Europe, the highest contributions to the upstream GHG emissions occur at the oil exploration phase, and in the processing of heavy oil in refineries.



conditions), it was assumed that a comparable plant at an average location in Europe would have a net efficiency of about 57.5%. The full-chain GHG emissions of the best combined-cycle power plant (about 420 g/kWh) are much lower than those of an average gas-powered plant. Figure 2 compares the average estimates of normalised GHG emissions from the gas chain for the UCTE countries against the average for the LNGs in Japan [4], the combined-cycle plants in Europe [1], Japan [4] and the US [8], and those obtained from a world-wide survey carried out in 1997 [7]. The upper range in the survey probably represents a plant using a gas mix rather than pure natural gas. 1400



g(CO2-equiv.) / kWh



about 0.5%, while the CO2 emissions essentially make up the rest. Mining contributes marginally between 0.9% (France) to 2.6% (Greece) to the total GHG level.
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2.1.3 Gas Natural Gas Chain For natural gas, as for the other fossil-fuel electricity or heating systems, the dominant contributor to GHG emissions is CO2 from the power plant or boiler. Natural gas is transported in pipelines over long distances. Since natural gas consists mainly of methane (i.e. natural gas itself is a greenhouse gas!), leakages in the pipelines can contribute significantly to the total GHG emissions. For European countries, the CO4 emissions can make up to about 10% of the total GHG emissions in the full chain, depending on the location of the natural gas power plant or boiler. Together with CO2 and other GHG emissions in the upstream chain, the emissions other than directly from the power plant can constitute more than 10% of the total GHG emissions for European natural gas power plants (about 17% for the UCTE-average plant in the year 2000). The country-by-country averages of the full chain GHG emissions of natural gas power plants in Europe range from 485 to 991 g CO2-equiv./kWh. The UCTE average for the year 2000 was about 640 g/kWh CO2-equiv, which includes about 530 g/kWh of direct CO2 emissions generated during operation of the power plants. For the modelling of the best-technology, combinedcycle, gas power plant, data from the new 400 MW plant in Mainz-Wiesbaden (Germany) were used. According to the operators, this is currently the natural gas power plant with the highest net electrical efficiency (58.4%) worldwide (for the year 2001). Because the efficiency depends also on local conditions (the Mainz-Wiesbaden plant is located directly on the Rhine, which provides good cooling
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Fig. 2: GHG emissions from gas power plants. Industrial Gas Industrial gas covers blast furnace gas from pig iron production and coke-oven gas. The results cited here are based on the mix used for electricity production in the UCTE countries for the year 2000. Due to its high CO2 content, blast furnace gas has high CO2 emission factors of 90 g/MJ to 260 g/MJ of burned gas, while emission factors of coke-oven gas range from 40 g/MJ to 90 g/MJ of the gas burned. These lead to an exceptionally high total GHG emission: exceeding 1700 g CO2-equiv./kWh for the European-average industrial gas mix. The methane contribution comes mainly from the coke-oven, gas-production chain. 2.1.4 Heating and Cogeneration Heating Two hard-coal heating systems were modelled in the Swiss LCA study [1]: an industrial furnace with thermal capacity in the range 1 MW to 10 MW, and a stove of about 5 kW to 15 kW. The thermal efficiency of the furnace is 80%, while that of the stove is 70%. The industrial furnace is assumed to be fuelled with the average Western European hard-coal supply mix, the stove either with coke or briquettes. Assuming that all the CO is oxidised to CO2, it contributes about 10% to the total GHG emissions associated with the stove. Direct CH4 emissions from burning briquettes are 20 times higher than from burning coke, and direct methane emissions are about



31 50% of the total methane emissions calculated for the chain. Due to a lower carbon content per unit energy, burning briquettes results in lower direct CO2 emissions than those produced by burning coke.



Cogeneration Figure 4 gives a comparison of CO2 emissions per kWhe for modern small cogeneration plants of different capacity and technology located in Switzerland [1]. Allocation of emissions to the products is in this case based on exergy. The higher the capacity, the higher the electrical efficiency, and the lower the CO2 emissions for electricity. The total efficiency is approximately constant for the different plants shown. The CO2 emissions per MJ fuel burned are the same for all natural gas plants, but higher for diesel plants, because of the higher emission factor of diesel oil.



Condensing-gas and oil boilers use the heat of combustion, as well as that from condensation of the water in the flue gas. Modern condensing, natural gas boilers can achieve annual net efficiencies of about 102%, and modern oil boilers about 98%. (The ratio refers to the LHV (Low Heating Value) of the fuel. Therefore, efficiencies of more than 100% are possible for condensing boilers.) High efficiency reduces the CO2 emissions. Direct CO2 emissions of a modern condensing natural gas boiler of less than 100 kW capacity are about 56 g/MJ. (The GHG emissions of the full chain for similar boilers in Central Europe for the year 2000 add up to about 71 g/MJ CO2-equiv. For a 10 kW condensing, non-modulating oil boiler, with direct CO2 emissions of about 74 g/MJ, the full-chain GHG emissions for plants located in Central Europe are about 89 g/MJ CO2-equiv.)



2.2



Nuclear Energy Chain



The amount of GHG emissions from the nuclear chain associated with Light Water Reactors (LWRs) is controlled by several parameters: the nuclear cycle considered, the average enrichment and burn-up at discharge of the fuel, the lifetime of the plant, especially of the power plant, and, most important, the enrichment process used, together with the electricity supply to the enrichment diffusion plant (if its services are required).



Figure 3 gives a comparison of GHG emissions for the energy chains based on various heating technologies of different capacity: hard coal, natural gas and oil. The lowest emissions are for the natural gas systems, followed by the oil systems.
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