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IHJBKLUC�DJ?FGBC�� 
NBABQ?KDB?�K<HCKL<:�B�IJBF?G?GB?�<�WE?DLJHGBD? 

 
>��n�-f��g��X��:��<ZriZgh\��^��n�-f��g��<��:��KfuglugZ 

H^_kkdbc�]hkm^Zjkl\_gguc�mgb\_jkbl_l�bf��B��B��F_qgbdh\Z��MdjZbgZ 
 
 

< gZklhys__ \j_fy \ nbabd_ b l_ogheh]bb ihemijh\h^gbdh\uo fZl_jbZeh\ nhjfbjm_lky gh\h_
gZijZ\e_gb_ – gZghwe_dljhgbdZ� Hkh[h_ f_klh \ bkke_^h\Zgbyo gZghjZaf_jguo kljmdlmj aZgbfZ_l ih�
jbkluc dj_fgbc� nbabq_kdb_ k\hckl\Z dhlhjh]h bgl_gkb\gh bamqZxlky� < ^hdeZ^_ ij_^klZ\e_gu j_amev�
lZlu bkke_^h\Zgbc nbabq_kdbo k\hckl\ ihjbklh]h dj_fgby� dhlhju_ ijh\h^bebkv gZ dZn_^j_ wdki_jb�
f_glZevghc nbabdb H^_kkdh]h mgb\_jkbl_lZ aZ ihke_^gb_ ^_kylv e_l�  

H[jZapu ihjbklh]h dj_fgby �ID� [ueb ihemq_gu f_lh^hf Zgh^gh]h we_dljhobfbq_kdh]h ljZ\e_�
gby jZaguo fZjhd djbklZeebq_kdh]h dj_fgby \ \h^ghf jZkl\hj_ nlhjbklh\h^hjh^ghc dbkehlu� Bkihev�
ah\Zeb ^hihegbl_evgh mevljZa\mdh\mx h[jZ[hldm fZl_jbZeZ� GZ ih\_joghklv ID gZiueyeb ]Zahijh�
ajZqgu_ dhglZdlu s_e_\h]h lbiZ ba Zexfbgby >�@� Ih nbabq_kdbf k\hckl\Zf ID fh`gh jZa^_eblv gZ
fZdjh-� fbdjh- b gZghihjbkluc dj_fgbc�  

Ihjbkluc dj_fgbc h[eZ^Z_l p_euf jy^hf bgl_j_kguo nbabq_kdbo k\hckl\ >�@� H[gZjm`_g d\Zg�
lh\hjZaf_jguc wnn_dl \ ihjbklhf dj_fgbb� ID bf__l \ukhdbc dhwnnbpb_gl ih]ehs_gby k\_lZ� qlh
^_eZ_l _]h i_jki_dlb\guf ijb kha^Zgbb ZglbhljZ`Zxsbo ihdjulbc� ij_h[jZah\Zl_e_c kheg_qghc wg_j�
]bb b nhlhijb_fgbdh\ k rbjhdhc ki_dljZevghc nhlhqm\kl\bl_evghklvx� Nbabq_kdZy ijbjh^Z agZqb�
l_evgh]h ih]ehs_gby \b^bfh]h k\_lZ k\yau\Z_lky k gZebqb_f \Zjbahgguo kljmdlmj gZghdj_fgby \ fZ�
l_jbZe_ >�@�  

ID y\ey_lky hkh[hc mevljZ^bki_jkghc kj_^hc� \ dhlhjhc kljmdlmjZ fZl_jbZeZ ijhgbaZgZ ihjZfb
pbebg^jbq_kdh]h lbiZ i_ji_g^bdmeyjgh d _]h ih\_joghklb� < kljmdlmj_ fZl_jbZeZ bf_xlky ehdZevgu_
fbdjhihey� ijb\h^ysb_ d nemdlmZpbb wg_j]_lbq_kdbo ahg b ehdZebaZpbb aZjy^Z >�@� < k_g^\bq-j_`bf_
^\b`_gb_ ghkbl_e_c aZjy^Z ijhbkoh^bl \^hev gbl_c dj_fgby� Mf_gvr_gb_ ijh\h^bfhklb gbl_c ijb Z^�
khj[pbb ZffbZdZ k\yaZgh k ^_ckl\b_f ehdZevguo fbdjhihe_c iheyjguo fhe_dme� \uau\Zxsbo kf_s_�
gby djZ_\ ahg ijhl_dZgby >�@�  

Ihjbkluc dj_fgbc h[eZ^Z_l agZqbl_evghc m^_evghc ih\_joghklvx� qlh h[mkeZ\eb\Z_l _]h \ukh�
dmx Z^khj[pbhggmx qm\kl\bl_evghklv >�@� GZfb ^_lZevgh bkke_^h\Zg f_oZgbaf Z^khj[pbhgghc qm\kl�
\bl_evghklb fZdjhihjbklh]h dj_fgby >�@� ;ueb \uiheg_gu baf_j_gby Z^khj[pbhgghc qm\kl\bl_evghklb
bfi_^ZgkZ h[jZaph\ ID jZaebqguo k_jbc� MklZgh\e_gh� qlh lhevdh ijb Z^khj[pbb iheyjguo fhe_dme
gZ[ex^Zxlky baf_g_gby we_dljbq_kdbo iZjZf_ljh\ �ijh\h^bfhklv� dhgp_gljZpby b ih^\b`ghklv ghkb�
l_e_c lhdZ� _fdhklv� fZl_jbZeZ ijb dhfgZlghc l_fi_jZlmj_ baf_j_gbc� >hihegbl_evgh_ nlhjbjh\Zgb_
ih\_joghklb ijb\h^beh d agZqbl_evghfm m\_ebq_gbx :Q� Z k jhklhf l_fi_jZlmju \_ebqbgZ :Q mf_gv�
rZeZkv m \k_o h[jZaph\� qlh fh`gh k\yaZlv k ^_khj[pb_c fhe_dme ]Zah\ k ih\_joghklb l\_j^h]h l_eZ� 

;ueZ jZajZ[hlZgZ nbabq_kdZy fh^_ev Z^khj[pbhgghc qm\kl\bl_evghklb bfi_^ZgkZ  
βZ= -Z-2 { ω2C2βC-R-2βR` ^ey ihjbklh]h dj_fgby� >ey m\_ebq_gby ih Z[khexlghc \_ebqbg_ βZ g_h[oh^bfh�
qlh[u \oh^ysb_ dhfihg_glu g_ [ueb ijhlb\hiheh`gu ih agZdm� ?keb wlh bf__l f_klh� lh kmffZjgZy
\_ebqbgZ :Q [m^_l [hevr_� q_f \oh^ysb_ \ g__ keZ]Z_fu_� Ihkdhevdm \_ebqbgZ _fdhklb aZ\bkbl hl qZk�

lhlu baf_j_gbc� lh m\_ebq_gb_ ω ijb\_^_l d jhklm \deZ^Z βC� Ijb jZaebqguo agZdZo βR b βC gZ hij_^_�

e_gghc qZklhl_ fh`_l \uihegylvky mkeh\b_� βZ =ω2C2βC -R2 βR  �� < wlhf kemqZ_ g_ ^he`_g gZ[ex^Zlv�

ky hldebd \_ebqbgu bfi_^ZgkZ = gZ Z^khj[pbx� ohly \ hl^_evghklb Z[khexlgu_ \_ebqbgu βR b βC fh]ml
[ulv agZqbl_evgu� Ba jZkkfhlj_gby ihemq_gguo nhjfme :Q ihjbklh]h dj_fgby ke_^m_l� qlh mf_gvr_�
gb_ f_`ihjh\h]h jZkklhygby \_^_l \k_]^Z d m\_ebq_gbx \_ebqbg :Q� 

DZd ke_^m_l ba bkke_^h\Zgbc fhjnheh]bb ih\_joghklb� gZ djbklZeeZo i- lbiZ nhjfbjm_lky 3RU-Si 
k djmigufb ihjZfb� <_ebqbgZ _fdhklb lZdbo kljmdlmj khklZ\ey_l g_kdhevdh ^_kyldh\ S)� Ijb Z^khj[�

pbb iZjh\ ZffbZdZ k dhgp_gljZpb_c �� jjf \_ebqbgZ Q \hajZklZ_l \ ��÷�� jZa� \_ebqbgZ µn iZ^Z_l \

6÷�� jZa� Z \_ebqbgZ _fdhklb ijZdlbq_kdb g_ baf_gy_lky� IhjbklZy kljmdlmjZ k fZeuf jZkklhygb_f f_�
`^m ihjZfb ihemqZ_lky gZ j- ih^eh`dZo ijb h[emq_gbb k\_lhf b mevljZa\mdh\hc h[jZ[hld_ \Zggu� <
wlhf kemqZ_ dhgp_gljZpby ghkbl_e_c fh`_l dZd m\_ebqb\Zlvky� lZd b mf_gvrZlvky� Wlh k\yaZgh kh agZ�
q_gb_f ih\_joghklgh]h ihl_gpbZeZ b i_j_djulb_f ahg bg\_jkbb ijh\h^bfhklb f_`^m ihjZfb� Ih^�
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\b`ghklv \ [hevrbgkl\_ bkke_^h\Zgguo h[jZaph\ ijb Z^khj[pbb ZffbZdZ iZ^ZeZ \ �÷�� jZa� Wlh k\b^_�
l_evkl\m_l h lhf� qlh ih\_joghklv ihj kms_kl\_ggh \eby_l gZ jZkk_b\Zgb_ ghkbl_e_c aZjy^Z� Bkihevah�
\Zgb_ \ukhdhe_]bjh\Zgguo ih^eh`_d dj_fgby g_ ijb\_eh d baf_g_gbx wlh]h mkeh\by� Wlh� ih-\b^bfh-
fm� k\yaZgh k \ukhdhc kl_i_gvx ]b^jh]_gbaZpbb ihjbklhc kljmdlmju� ?fdhklv fbdjhihjbkluo h[jZaph\

^hklb]ZeZ ^_kyldh\ Q) b ijb Z^khj[pbb 1+3 \hajZklZeZ \ �÷�� jZa� H[jZapu bf_eb h[eZklv fZdkbfZev�
ghc qm\kl\bl_evghklb ijb dhgp_gljZpbyo ��� jjf� GZ fbdjhihjbkluo kljmdlmjZo j-lbiZ \ h[eZklb \u�
khdbo dhgp_gljZpbc ZffbZdZ fh`_l ijhbkoh^blv bg\_jkby ijh\h^bfhklb� Wdki_jbf_glZevgh gZ[ex^Z�
eb bg\_jkbx agZdZ :Q�  

Ijb bamq_gbb we_dljhgguo k\hckl\ ihemq_gguo h[jZaph\ fbdjhihjbklh]h dj_fgby [ueh aZf_q_�
gh� qlh gZ dhglZdlZo s_e_\h]h lbiZ g_dhlhjuo h[jZaph\ ihy\ey_lky we_dljh^\b`msZy kbeZ 8 >�@� Wlb
h[jZapu bf_eb ihjbklhklv [he__ �� �� Ijbq_f \ h[jZapZo� bf_xsbo [he__ \ukhdmx ihjbklhklv� __ \_�
ebqbgZ [ueZ agZqbl_evgh [hevr_� q_f \ h[jZapZo k gbadhc kl_i_gvx ihjbklhklb� AgZq_gb_ W>K \ h[�
jZapZo k ihjbklhklvx ��� ^hklb]Zeh \ hl^_evguo kemqZyo agZq_gbc �� f<� <_ebqbgZ b agZd 8 aZ\bk_eb
lZd`_ hl ]_hf_ljbb dhglZdlh\ b bo jZkiheh`_gby gZ ih\_joghklb fZl_jbZeZ� 

Ihemq_ggu_ h[jZapu exfbg_kpbjh\Zeb \ \b^bfhc h[eZklb baemq_gby ijb \ha[m`^_gbb eZa_jhf k
^ebghc \hegu ����� QP� <imkd \ baf_jbl_evgmx dZf_jm ]Zah\ 22, NO2, CO2, H2, CH4 ijb dhfgZlghc l_f�
i_jZlmj_ baf_j_gbc ijZdlbq_kdb g_ \ebye gZ bgl_gkb\ghklv b ki_dlj exfbg_kp_gpbb� H^gZdh ijb Z^�
khj[pbb ZffbZdZ F dhgp_gljZpb_c ��� SSP gZ[ex^Zehkv mf_gvr_gb_ bgl_gkb\ghklb exfbg_kp_gpbb
ijbf_jgh \ ljb jZaZ ih kjZ\g_gbx k bkoh^ghc \_ebqbghc >�@� H^gZdh iheh`_gb_ fZdkbfmfZ exfbg_k�
p_gpbb hklZ\Zehkv ijZdlbq_kdb g_baf_gguf� Nbabq_kdhc ijbqbghc mf_gvr_gby bgl_gkb\ghklb exfb�
g_kp_gpbb ijb Z^khj[pbb fhe_dme 1+3 fh`_l [ulv baf_g_gb_ ehdZevguo \gmlj_ggbo fbdjhihe_c \ h[�
eZklb [Zjv_jh\� nhjfbjm_fuo g_h^ghjh^guf jZkij_^_e_gb_f ihjbklhklb b \g_^j_ggh]h \h^hjh^Z \
ijbih\_joghklgmx h[eZklv ihj� :^khj[pby ZffbZdZ \eby_l gZ ijhp_kku i_j_ghkZ g_jZ\gh\_kguo ghkb�
l_e_c d p_gljZf baemqZl_evghc j_dhf[bgZpbb� 

GZ ihemq_gguo h[jZapZo ID k_jbb �� ijb ijbeh`_gbb gZijy`_gby [hevr_ g_dhlhjhc ihjh]h\hc

\_ebqbgu 8o ≈ ��� 9 ihke_ ij_^\Zjbl_evgh]h l_jfhhl`b]Z \ \Zdmmf_ ijb l_fi_jZlmj_ ��� D gZ[ex^Zeb
gZjZklZxsmx j_eZdkZpbx lhdZ >�@� Nbabq_kdZy ijbjh^Z k\yaZgZ k i_j_kljhcdhc \gmlj_gg_c fbdjh�
kljmdlmju ihe_c \ fZl_jbZe_� nhjfbjm_fuo \ j_amevlZl_ Zgh^ghc we_dljhobfbq_kdhc h[jZ[hldb dj_f�
gby� GZ ijhp_kku j_eZdkZpbb lhdZ \eby_l Z^khj[pby iheyjguo fhe_dme \h^u� kha^Zxsbo ehdZevgu_
fbdjhihey \ kljmdlmj_ ihjbklh]h dj_fgby� 
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