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 Nitrous Oxide Emissions from a Municipal Landfill J A N N E R I N N E , * ,† M A R I P I H L A T I E , † ANNALEA LOHILA,‡ TEA THUM,‡ MIKA AURELA,‡ JUHA-PEKKA TUOVINEN,‡ TUOMAS LAURILA,‡ AND TIMO VESALA† Department of Physical Sciences, P.O.B. 68, FI-00014 University of Helsinki, Finland, and Climate and Global Change Research, Finnish Meteorological Institute, P.O.B. 503, FI-00101, Helsinki, Finland
 
 The first measurements of nitrous oxide (N2O) emissions from a landfill by the eddy covariance method are reported. These measurements were compared to enclosure emission measurements conducted at the same site. The average emissions from the municipal landfill of the Helsinki Metropolitan Area were 2.7 mg N m-2 h-1 and 6.0 mg N m-2 h-1 measured by the eddy covariance and the enclosure methods, respectively. The N2O emissions from the landfill are about 1 order of magnitude higher than the highest emissions reported from Northern European agricultural soils, and 2 orders of magnitude higher than the highest emissions reported from boreal forest soils. Due to the small area of landfills as compared to other landuse classes, the total N2O emissions from landfills are estimated to be of minor importance for the total emissions from Finland. Expressed as a greenhouse warming potential (GWP100), the N2O emissions make up about 3% of the total GWP100 emission of the landfill. The emissions measured by the two systems were generally of similar magnitude, with enclosure measurements showing a high small-scale spatial variation.
 
 Introduction European Union countries generate annually between 450 and 700 kg of municipal waste per inhabitant. This waste is treated by recycling, composting, incineration, and landfilling. Depending on the country, the fraction ending up in landfills varies between 10 and 90%. Finland generates 500 kg of municipal waste per capita per year and 60% of this ends up in landfills (1). Landfills are known to be sources of methane for the atmosphere (2-4), as the conditions in most of the landfill volume are anaerobic and rich in decomposable organic material. Measurements of methane emissions from landfills have been conducted mainly from boreholes or by enclosure techniques (4-6), but less is known of the emissions of other gases. The environmental conditions in the landfills are favorable for the microbial production of nitrous oxide (N2O), as landfills contain organic waste that is rich in nitrogen, and have alternating aerobic and anaerobic sites in the landfill volume. Although landfills are potentially high emitters of N2O, emission measurements are scarce, and to our knowledge * Corresponding author phone: +358 9 191 50574; fax: +358 9 191 50860; e-mail: [email protected]. † University of Helsinki. ‡ Finnish Meteorological Institute. 7790
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 no emission measurements by the eddy covariance technique have been reported. The few existing emission measurements, conducted by the enclosure method, indicate that emissions vary greatly among different landfills (7-10). High emissions have been measured from landfills covered with sewage sludge or landfill leachate (7, 8, 11), both of which typically contain high concentrations of nitrogen. Bo¨rjesson and Svensson (7) measured N2O emissions of up to 35.7 mg N m-2 h-1 from active landfills covered with sewage sludge. Emissions from closed landfills, covered with a soil layer, were markedly smaller, having a maximum of 1.07 mg N m-2 h-1 (7). The enclosure technique has been widely used for measuring emissions of various trace gases. This technique provides a relatively simple way of measuring gas exchange between the soil and the atmosphere. However, on sites with a high small-scale spatial variation in the soil properties, a large number of replicate measurements are needed to achieve a reliable estimate of the gas exchange. The physical disturbance of the collars to the soil, the possibility of leaks between the enclosure collar and the chamber, and pressure differences between the enclosure and the ambient air may lead to artifacts in the fluxes measured (12, 13). The micrometeorological eddy covariance method has the advantage of not disturbing the soil surface, as the measurements are conducted above rather than at the surface. The eddy covariance method also averages over a larger area than is feasible with enclosure measurements, thus being potentially less sensitive to small-scale spatial variations. As micrometeorological flux measurement methods require a relatively large fetch, they are most suitable for use at larger landfills. At appropriate sites, the eddy covariance method can be used to validate the emissions estimated by other methods. This paper reports the first measurements of N2O emissions from an active landfill measured by the eddy covariance technique. These measurements are compared to measurements by the enclosure technique, and to the emissions of other greenhouse gases from the same site (14). Also, the significance of the N2O emissions from landfills as compared to emissions from other land-use types is estimated.
 
 Measurements The measurements were conducted at the A¨ mma¨ssuo landfill site, situated 20 km northwest of the city of Helsinki as part of the A¨ mma¨ssuo waste treatment center. The center is operated by the Helsinki Metropolitan Area Council (YTV, http://www.ytv.fi/) and receives all the municipal waste from five municipalities with a total population of around one million. In recent years almost 700 000 tons of waste per year have been delivered to the waste treatment center, of which about 200 000 tons comprise soils and recyclable waste from the construction industry and 500 000 tons are municipal waste. About 350 000 tons per year of the municipal waste are placed in the landfill. The waste delivered to the landfill is compacted immediately and covered with a 20-cm layer of soil within the same day. The cover material is a mixture of organic soil, containing 20-40% organic matter, and mineral soil. The landfill gases are partially recovered from the landfill and burned with an open flame. The landfill currently covers an area of 50 ha with an extension of 60 ha expected in the near future, and has been in operation since 1987 (15). The measurement site was on the eastern side of the landfill area, which is still in active use. During the measurements there were recently filled and covered areas about 100 m northwest of the measurement site. The eastern 10.1021/es048416q CCC: $30.25
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 sector of the measurement site contained older waste material and was mostly covered with vegetation. A landfill gas recovery system was located at the east side of the measurement site. During the measurement period the gas recovery was in use, except for a test period from August 15-18. Nitrous oxide emissions were measured by two methods: the eddy covariance and the static soil enclosure methods. The eddy covariance system measured the N2O flux continuously from August 8-18, 2003. The enclosure measurements were conducted on August 7 and 13, and on October 31, each time from 7 to 10 collars distributed within an area of 50 × 50 m near the eddy covariance mast. On each day, the collars were located in different directions from the EC mast: to the northwest (NW) on August 7, to the southeast (SE) on August 13, and to the eastnortheast (ENE) on October 31. In the static enclosure method, 20-cm-high 60 × 60 cm aluminum collars were installed in the soil to a depth of 10 cm at least 24 h prior to the measurements. During a measurement a 20-cm-high 60 × 60 cm aluminum chamber, equipped with a fan and a pressure equilibrium tube, was placed on each collar. The pressure equilibrium tube was 10 cm long and 3 mm in diameter. The groove in the collar was coated with foam rubber and the chamber was made airtight by clamps. Four gas samples were syringed from the headspace during a 10-min enclosure period. The samples were injected into preevacuated glass vials (Exetainer, Labco Inc.) and analyzed for N2O by a gas chromatograph (HewlettPackard 6890) with an electron capture detector and an autosampler (222 XL Liquid Handler, Gilson). The gas exchange was then calculated from the rate of change of the concentration in the chamber (16). The N2O concentrations inside the chamber at the end of the enclosure period varied from near-ambient up to nearly 70 ppm. During the enclosure measurements conducted on August 7 and 13 the wind was blowing from the direction of enclosures toward the eddy covariance mast. The eddy covariance system consisted of a tunable-diode laser (TDL) N2O analyzer (Campbell Sci., TGA-100) and an acoustic anemometer (Applied Technologies Inc., SWS-211), both measuring at a rate of 10 Hz. The anemometer and the sample inlet for the TDL were at a height of 2.5 m. A diffusion dryer (Nafion PD-1000) was placed immediately after the sample inlet with 10 m of 8-mm i.d. tubing between the dryer and the TDL. The total flow rate through the inlet was 17 standard L min-1, of which 14 standard L min-1 was directed to the TDL, with a sample cell pressure of around 7 kPa. This flow rate ensured a turbulent regime in the sample line. The vertical flux of the nitrous oxide (Fc) was calculated as the covariance between the vertical wind velocity (w) and the N2O concentration (c)
 
 Fc )
 
 1 t2 - t1
 
 ∫ (c(t) - jc)(w(t) - wj )dt t2
 
 t1
 
 where the overbars denote time averages. The averaging time for the flux calculations was 30 min, and linear detrending of the concentrations was done prior to the flux calculations. The wind data were double-rotated to yield w j ) 0. The data were filtered by removing those measurements with low turbulence (friction velocity below 0.1 m s-1) or too many spikes in the data caused by the electronics. A more detailed description of the data acquisition and processing of the eddy covariance system is given by Lohila et al. (17).
 
 Results and Discussion Measurements with the enclosure technique revealed very high small-scale spatial variability in the N2O emissions, as can be seen from the standard deviation of the emissions (Table 1). The emissions measured with the chambers varied
 
 FIGURE 1. Ambient atmospheric nitrous oxide concentrations (black line) and friction velocity (u*, gray line) measured at the A2 mma1 ssuo landfill.
 
 FIGURE 2. Time series of the half-hourly values of N2O emission measured by the eddy covariance technique.
 
 TABLE 1. Nitrous Oxide Emissions Measured by the Enclosure Technique at the A2 mma1 ssuo Landfill Site direction from EC mast number of collars mean emission [mg N m-2 h-1] standard deviation [mg N m-2 h-1] median emission [mg N m-2 h-1]
 
 August 7
 
 August 13
 
 October 31
 
 NW 9 1.35
 
 SE 7 19.3
 
 ENE 10 0.79
 
 1.67
 
 27.8
 
 1.16
 
 0.62
 
 8.39
 
 0.22
 
 between -0.05 and 81.9 mg N m-2 h-1, with an average over all measurements of 6.0 mg N m-2 h-1. The highest N2O emissions, measured from the locations southeast of the eddy covariance (EC) measurement tower, were 1-2 orders of magnitude higher than those measured in the other locations (Table 1). The half-hour average atmospheric concentrations of N2O during the measurement campaign are shown in Figure 1. The effect of lower turbulence, i.e., a low friction velocity, can be seen in the accumulation of N2O during most of the nights. The N2O fluxes measured by the EC system were mostly between 0.5 and 5 mg N m-2 h-1 (Figure 2). The fluxes measured by the EC system were thus, on average, lower than the emissions measured by the soil enclosures. There was no daily pattern in N2O emissions during the measurement period but there was a clear dependence on the wind direction (Figure 3). In general, higher emissions were measured by the EC system in southeasterly winds than in northwesterly winds. The enclosure measurements conducted northwest (NW) of the EC mast fitted the EC data VOL. 39, NO. 20, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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 TABLE 2. Mean Emission of Greenhouse Gases Measured by the Eddy Covariance Technique at the A2 mma1 ssuo Landfill Site between August 8 and 18, 2003, Expressed as Mass and as Greenhouse Warming Potential with a Hundred-Year Time Horizon (GWP100, 21)
 
 nitrous oxide (N2O) methane (CH4) carbon dioxide (CO2) a
 
 FIGURE 3. N2O emissions as a function of wind direction. Black dots represent half-hourly emissions measured by the eddy covariance technique and white dots represent daily averages of enclosure measurements with 95% confidence intervals. The gray dots indicate N2O emissions measured by the eddy covariance technique averaged over 45° wind sectors. well, but the measurements conducted southeast (SE) of the mast were an order of magnitude higher (Table 1 and Figure 3). The results from the enclosure measurements conducted in October eastnortheast (ENE) of the mast are also show in Figure 3, even though they may not be comparable with the EC measurements due to different environmental conditions. The enclosure measurements from the southeast area revealed a few hot-spot locations with very high N2O emissions. On the basis of calculations with the FSAM source area model (18), we estimate that in near-neutral conditions 90% of the flux measured by the eddy covariance technique originates from areas within 150 m of the measurement mast. This can diminish the effect of the hot-spots, as the emission measured by the EC method is an average over an area which has mostly lower N2O production and few hot-spots. Hence, the emission estimate from the EC measurements probably better represents the overall emission from the area around the measurement mast. To avoid the bias to the average emission derived from the eddy covariance measurements caused by the prevailed northerly winds, the fluxes were averaged over 45° wind sectors (Figure 3). The average of these sector average fluxes was 2.7 mg N m-2 h-1. The reason for higher N2O emissions from the area southeast of the EC measurement tower than from the area to the west may be related to the age of the waste deposited and the consequent differences in the cover soil environment. The eastern area contained older waste material with a vegetation cover on the soil, while the western area received new waste daily. It has been found that methane-oxidizing bacteria in landfill cover soils are capable of producing N2O as they oxidize methane (9). Hence, the higher N2O emissions may result from N2O formation by methanotrophic bacteria. However, according to Bogner et al. (10), the optimum N2O production zone in a landfill volume lies close to or below the dominant root respiration zone. Thus nitrous oxide may also be produced in the deeper, partly anaerobic layers of the landfill cover soil. Hence, the measured N2O emissions in the eastern sector may be a sum of N2O formed via methanotrophic nitrification in the topsoil and N2O produced via denitrification in zones of restricted aeration. If we assume that N2O is produced in the topsoil of the landfill, soil parameters such as soil moisture, soil temperature, and the availability of mineral nitrogen, which are the key factors regulating N2O emissions from soils (19), also regulate the N2O emissions from landfills. During the measurement period, the soil moisture at the depth of 7 cm fluctuated between 22 and 25% until August 17 and peaked 7792
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 emission
 
 GWP100, CO2-eq. [mg m-2 h-1]
 
 4.2 [mg N2O m-2 h-1] 1660a [mg CH4 m-2 h-1] 5640a [mg CO2 m-2 h-1]
 
 1300 35000 5640
 
 Source: Laurila et al. (14).
 
 TABLE 3. Estimates of the Magnitude of Soil N2O Emission from Different Land-Use Classes in Finland area [ha] landfill agricultural peatland forested peatland undisturbed peatland agricultural mineral soil total a Ettala (24). (16).
 
 b
 
 total emission [Gg yr-1]
 
 1000a 200 000b 5 700 000b 4 000 000b 2 000 000b
 
 Crill et al. (28). c Regina et al. (22).
 
 0.37 3.3c 7.1b 0.2b 13d 24 d
 
 Syva¨ salo et al.
 
 at 37% after rainfall events on August 15 and 16. The soil temperatures at the depth of 7 cm varied between 15 and 27 °C, being on average 5 °C higher than the air temperature at the height of 2 m. In this study, the N2O emissions measured by the EC did not correlate with either soil temperature or soil moisture. However, the measurement period was too short to provide enough data to reveal all the possible relationships between the emissions and the soil parameters. The measured N2O emissions were higher than those reported from many other active landfills, but markedly lower than the emissions measured from landfills with sewage sludge coverage or landfill leachate recirculation (6, 9, 10). Einola et al. (20) measured greenhouse gas emissions by the enclosure method from a closed and covered municipal landfill at Ylo¨ja¨rvi in Southwestern Finland, and found emissions to be of the same order of magnitude as those in this study. Compared to the emissions of other greenhouse gases, methane and carbon dioxide, measured at this landfill site (14), the N2O emissions were minuscule (Table 2). However, if we look at the hundred-year time horizon greenhouse warming potentials (GWP100, 21) of the emitted gases, the N2O emission has a GWP100 of the same order of magnitude as carbon dioxide emissions, making up about 3% of the total GWP100 emission of the landfill. The GWP100 of methane emissions is, however, an order of magnitude higher than that of N2O. Compared to other sources of N2O in Northern Europe, the emissions from this landfill were 1-3 orders of magnitude higher than those from agricultural soils (16, 22) and 2-4 orders of magnitude higher than those from forest soils (23). Currently the area of the A¨ mma¨ssuo landfill is 50 ha, with an extension of 60 ha foreseen soon. In 1981 the total area of active landfills in Finland was about 2000 ha, falling to 1600 ha in the year 1992 (24). If we assume a current area of 1000 ha and that the measured N2O emission is representative of all active landfill areas, the total N2O-N emission from active landfills is 0.37 Gg N yr-1. Compared to the emissions from other ecosystems in Finland (Table 3), this accounts for a little less than 1% of the total soil-derived N2O emission in Finland. The small contribution of the nitrous
 
 oxide emissions from landfills to the total N2O emissions is due to the small surface area of the landfills, which comprise only 0.003% of the total land area of Finland as compared to the 70% occupied by forests and 6% by agricultural fields. In the whole European Union of 15 countries (EU-15, The European Union before the enlargement in 2004), about 200 million tons of municipal waste per year was collected between 1998 and 2001, of which about 100 million tons was landfilled (1). For the United States the figures are about 230 million tons of municipal waste collected, of which 130 million tons was landfilled (25). If we scale-up the N2O emissions measured at the A¨ mma¨ssuo landfill with the total mass of waste landfilled, we arrive at figures for the total N2O emissions from landfills of 4.5 Gg N2O yr-1 for EU-15 and 5.7 Gg N2O yr-1 for the United States. Compared to the N2O emissions from agriculture from these areas, 600 Gg N2O yr-1 for the EU-15 (26) and 800 Gg N2O yr-1 for the USA (27), the emissions from landfills seem to be of minor importance. N2O emissions from landfill cover can be an order of magnitude higher or lower than those measured at A¨ mma¨ssuo, depending on the cover soil, and the upscaling is very crude, so the results above are only indicative. These measurements show that active landfills can be high emitters of N2O. However, the practices as well as the material used for landfilling can vary at different landfills. This can cause a large variation in N2O emissions among landfills and thus calls for further research. In addition to active landfills, there exist closed landfills which have been covered and landscaped. In many of these, landfill gas is partially recovered, but this may not be the case for all of them. As the area of these is at least as high as the area of active landfills, they could have an important contribution to the total emission of greenhouse gases from all landfills.
 
 Acknowledgments We acknowledge financial support by the National Technology Agency of Finland, the Academy of Finland, and YTV Ja¨tehuolto. We also thank YTV Ja¨tehuolto for the measurement facilities and for kind help during the measurements, Dr. M. Ettala for advice, and Prof. H. P. Schmid for the FSAM model.
 
 Literature Cited (1) Eurostat. Waste Generated and Treated in Europe; ISBN 92894-6355-4; European Commission, Office of Official Publications of the European Commission: Luxembourg, 2003. (2) Boeckx, P.; Van Cleemput, O. Flux estimates from soil methanogenesis and methanotrophy: Landfills, rice paddies, natural wetlands and aerobic soils. Environ. Monit. Assess. 1996, 42, 189-207. (3) Mosher, B. W.; Czepiel, P. M.; Harriss, R. C.; Shorter, J. H.; Kolb, C. E.; McManus, J. B.; Allwine E.; Lanm B. K. Methane emissions at nine landfill sites in the Northeastern United States. Environ. Sci. Technol. 1999, 33, 2088-2094. (4) Barlaz, M. A.; Green, R. B.; Chanton, J. P.; Goldsmith, C. D.; Hater, G. R. Evaluation of a biologically active cover for mitigation of landfill gas emissions. Environ. Sci. Technol. 2004, 38, 4891-4899. (5) Boltze, U.; de Freitas, M. H. Monitoring gas emissions from landfill sites. Waste Manage. Res. 1997, 15, 463-476. (6) Bo¨rjesson, G.; Svensson, B. H. Seasonal and diurnal methane emissions from a landfill and their regulation by methane oxidation. Waste Manage. Res. 1997, 15, 33-54. (7) Bo¨rjesson, G.; Svensson B. H. Nitrous oxide emissions from landfill cover soils in Sweden. Tellus 1997, 49B, 357-363. (8) Lee, C. M.; Lin, X. R.; Lan, C. Y.; Lo, S. C. L.; Chan, G. Y. S. Evaluation of leachate recirculation on nitrous oxide production in the Likang landfill, China. J. Environ. Qual. 2002, 31, 15021508. (9) Mandernack, K. W.; Kinney, C. A.; Coleman, D.; Huang, Y.-S.; Freeman K. H.; Bogner, J. The biochemical controls of N2O production and emission in landfill cover soils: The role of methanotrophs in the nitrogen cycle. Environ. Microbiol. 2000, 2 (3), 298-309.
 
 (10) Bogner, J. E.; Spokas, K. A.; Burton, E. A. Temporal variations in greenhouse gas emissions at a midlatitude landfill. J. Environ. Qual. 1999, 28, 278-288. (11) Watzinger, A.; Reichenauer, T. G.; Blum, W. E. H.; Gerzabek, M. H.; Zechmeister-Boltenstern, S. The effect of landfill leachate irrigation on soil gas composition: methane oxidation and nitrous oxide formation. Water, Air, Soil Pollut. 2005, 164, 295313. (12) Hutchinson, G. L.; Livingston, G. P. Vents and seals in nonsteady-state chambers used for measuring gas exchange between soil and the atmosphere. Eur. J. Soil Sci. 2001, 52, 675-682. (13) Davidson, E. A.; Savage, K.; Verchot, L. V.; Navarro, R. Minimizing artifacts and biases in chamber-based measurements of soil respiration. Agric. Forest Meteorol. 2002, 113, 21-37. (14) Laurila, T.; Tuovinen, J.-P.; Lohila, A.; Hatakka, J.; Aurela, M.; Thum, T.; Pihlatie, M.; Rinne, J.; Vesala, T. Measuring methane emissions and surface cover oxidation rates from a landfill using a cost-effective micrometeorological method. Geophys. Res. Lett., accepted for publication. (15) Pa¨a¨kaupunkiseudun yhteistyo¨valtuuskunta (YTV). YTV Ja¨tehuolto, toimintavuosi 2002; Pa¨a¨kaupunkiseudun julkaisuja C, 2003, 6. (YTV Waste Management Yearly Report 2002, In Finnish and Swedish), 2003. (16) Syva¨salo, E.; Regina, K.; Pihlatie, M.; Esala, M. Emissions of nitrous oxide from boreal agricultural clay and loamy sand soils. Nutr. Cycling Agroecosyst. 2004, 69, 155-165. (17) Lohila, A.; Aurela, M.; Tuovinen, J.-P.; Laurila, T. Annual CO2 exchange of a peat field growing spring barley or perennial forage grass. J. Geophys. Res. 2004, 109, D18116. doi: 10.1029/ 2004JD004715. (18) Schmid, H. P. Source areas for scalars and scalar fluxes. Boundary-Layer Meteorol. 1994, 67, 293-318. (19) Skiba, U.; Smith, K. A. The control of nitrous oxide emissions from agricultural and natural soils. Chemosphere - Global Change Sci. 2000, 2, 379-386. (20) Einola, J.-K. M.; Sormunen, K. M.; Rintala, J. A. Seasonal variation of methane, nitrous oxide and carbon dioxide emissions and methane oxidizing activity at a northern landfill. In Sardinia 2003: Ninth International Waste Management and Landfill Symposium, Cagliari, Italy, October 2003; CISA: Cagliari, Italy, 2003. (21) Albritton, D.; Derwent, D.; Isaksen, I.; Lal, M.; Wuebbles, D.; Radiative Forcing of Climate Change: Trace gas radiative forcing indices. In Intergovernmental Panel on Climate Change: Climate Change 1995; Houghton, J. T., Meira Filho, L. G., Callander, B. A., Harris, N., Kattenberg, A., Maskell, K., et al., Eds.; Contribution of the Working group I to the Second Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 1995. (22) Regina, K.; Syva¨salo, E.; Hannukkala, A.; Esala, M. Fluxes of N2O from farmed peat soils in Finland. Eur. J. Soil Sci. 2004, 55, 591-599. (23) Pihlatie, M.; Rinne, J.; Ambus, P.; Pilegaard, K.; Dorsey, J.; Rannik, U ¨ .; Markkanen, T.; Launiainen, S.; Vesala, T. Nitrous oxide emissions from a beech forest floor measured by eddy covariance and soil enclosure techniques. Biogeosci. Discuss. 2005, 2, 581607. (24) Ettala, M. Vanhojen ja suljettujen kaatopaikkojen merkitys kasvihuonekaasupa¨a¨sto¨jen va¨henta¨miseksi, selvitys 160 Ympa¨risto¨ministerio¨lle; (The Significance of Old and Closed Landfills to the Reduction of Greenhouse Gas Emissions; report 160 for the Finnish Ministry of Environment, in Finnish), 2001. (25) U.S. Environmental Protection Agency. Municipal Solid Waste in the United States: 2001 Facts and Figures, Executive summary; EPA530-S-03-011; U.S. Environmental Protection Agency, Office of Solid Waste and Emergency Response: Washington, DC, 2003. (26) European Environment Agency. Annual European Community Greenhouse Gas Inventory 1990-2002 and Inventory Report 2004; ISBN 92-9167-695-0, EEA Technical report no 2/2004; European Environment Agency: Copenhagen, Denmark, 2004. (27) U.S. Environmental Protection Agency. Non-CO2 Greenhouse Gas Emissions from Developed Countries: 1990-2010; EPA-430R-01-007; U.S. Environmental Protection Agency, Office of Air and Radiation: Washington, DC, 2001. (28) Crill, P.; Hargreaves, K.; Korhola, A. The Role of Peat in Finnish Greenhouse Gas Balances; Studies and Reports, 10/2000; ISBN 951-739-542-6; Ministry of Trade and Industry: Finland, 2000.
 
 Received for review October 8, 2004. Revised manuscript received July 22, 2005. Accepted August 16, 2005. ES048416Q VOL. 39, NO. 20, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
 
 9
 
 7793
 















Copyright © 2024 DATAPDF.COM. All rights reserved.

About Us |
Privacy Policy |
Terms of Service |
Copyright |
Contact Us










×
Sign In






Email




Password







 Remember me

Forgot password?




Sign In




 Login with Facebook
















