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Abstract	  

Material	  Flow	  Analysis	  (MFA)	  is	  a	  tool	  for	  research	  and	  decision	  support	  in	  environmental	  policy	  
and	   management.	   In	   order	   to	   promote	   the	   use	   of	   MFA	   at	   different	   spatial	   scales,	   a	  
quantification	   of	   the	   uncertainty	   in	   nation-‐wide,	   regional	   and	   urban	   MFA	   methodologies	   is	  
provided.	   In	   particular,	   the	   impact	   of	   the	   input	   data	   quality	   on	   the	   main	   MFA	   indicators	   is	  
analysed	  and	  the	  sources	  and	  extent	  of	  uncertainties	  for	  different	  spatial	  scales	  are	  listed.	  The	  
types,	  origin	  and	  extent	  of	  the	  errors	  are	  described	  in	  detail	  and	  several	  imputation	  methods	  are	  
explained	   and	  evaluated.	   By	   introducing	   a	   novel	   approach	   to	   account	  measurement	   errors	   in	  
datasets	  with	  “very	  few	  details	  on	  the	  measurement	  errors”	  this	  article	  aims	  at	  contributing	  to	  
the	  development	  of	  a	  standardized	  method	  to	  account	  for	  the	  uncertainty	  in	  MFA	  studies.	  This	  
study	   uses	   the	   time	   series	   of	   MFA	   data	   for	   1996-‐2011	   at	   three	   spatial	   scales	   -‐	   nation-‐wide	  
(Sweden),	   regional	   (the	   Stockholm	   Region)	   and	   metropolitan	   (Stockholm,	   Gothenburg	   and	  
Malmo)	   -‐	   to	  determine	  how	  propagation	  of	  measurement	  errors	  affects	   the	  MFA	  results.	  The	  
following	  MFA	  indicators	  were	  studied:	  Direct	  Material	  Input	  (DMI),	  Domestic	  Processed	  Output	  
(DPO)	   and	   Domestic	   Material	   Consumption	   (DMC).	   Generally,	   availability	   decreased	   as	   the	  
spatial	  scale	  was	  lowered,	  while	  data	  errors	  increased.	  In	  the	  specific	  case	  of	  Sweden,	  the	  data	  
on	   freight	   transport	  by	  rail	  and	  on	  waste	  produced	  by	  economic	  activities	  at	   the	  regional	  and	  
metropolitan	  level	  should	  be	  improved.	  	  

	  

<heading	  level	  1>	  Introduction	  

Material	   Flow	   Analysis	   (MFA)	   is	   a	   method	   commonly	   used	   in	   the	   Industrial	   Ecology	  
research	  field	  in	  particular	  for	  socio-‐economic	  metabolism	  studies.	  During	  the	  last	  decade,	  the	  
use	  of	   this	  method	  as	  a	   scientific	   support	   tool	   for	  environmental	  policy	  and	  management	  has	  
increased	  due	  to	  the	  harmonization	  of	  the	  MFA	  concepts	  and	  methods	  by	  the	  Central	  Statistical	  
Office	  of	  the	  European	  Communities	  (Eurostat)	  and	  the	  Organization	  for	  Economic	  Co-‐operation	  
and	   Development	   (OECD)	   (Eurostat	   2001;	   OECD	   2008).	   In	   particular,	   the	   Economy-‐Wide	  
Material	   Flow	   Analysis	  Method	   (Economy-‐wide	  MFA)	   was	   developed	   by	   Eurostat	   in	   order	   to	  
enable	   the	  comparison	  of	  MFA	   indicators	   for	  different	  countries	  as	  well	  as	   for	  different	   time-‐
periods	  (Eurostat	  2001).	  Since	  then,	  the	  methodology	  has	  been	  used	  by	  the	  European	  states	  on	  
a	  regular	  basis.	  In	  addition,	  MFA	  is	  increasingly	  being	  used	  not	  only	  at	  the	  national	  level,	  but	  also	  
at	   lower	  administrative	  and	  spatial	   scales	   (Kennedy	  et	  al.	  2011;	  Kalmykova	  et	  al.	  2014).	  As	  an	  
example	  the	  economy-‐wide	  MFA	  was	  adapted	  for	  analysis	  of	  urban	  areas,	  the	  so	  called	  Urban	  
Metabolism	  Analyst	  (UMAn),	  where	  comparisons	  between	  imputations	  and	  real	  available	  data	  



2	  
	  

for	  selected	  products	  were	  made,	  and	  the	  differences	  accounted	  in	  closing	  the	  material	  balance	  
to	  evaluate	  the	  model	  consistency	  (Rosado	  et	  al.	  2014a).	  	  

	   Several	  tools	  that	  can	  assess	  uncertainty	  in	  MFA	  case	  studies.	  Additionally,	  they	  already	  
exist.	  There	  has	  been	  research	  conducted	   to	  evaluate	   the	  uncertainty	   in	  MFA	  studies.	  A	  good	  
example	   is	   the	  Mathematical	   Material	   Flow	   Analysis	   methodology	   developed	   by	   Baccini	   and	  
Bader	   (1996).	   The	   methodology	   combines	   the	   conventional	   MFA	   with	   modern	   concepts	   of	  
mathematical	  modelling,	  making	  possible	   to	  handle	  uncertainties	  of	  data	  and	   to	   simulate	   the	  
behaviour	  of	  the	  system	  under	  various	  conditions.	  The	  methodology	  has	  been	  applied	  to	  many	  
case	  studies	  in	  different	  fields,	  especially	  in	  dynamic	  MFA.	  

It	   is	  known	  that	  MFA	  results	  are	   influenced	  by	  the	  method	  used	  and	  the	  quality	  of	  the	  
collected	  data	  (Fischer-‐Kowalski	  et	  al.	  2011;	  Statistics	  Austria	  2009).	  Although	  it	  is	  often	  stated	  
that	  uncertainty	  analysis	  should	  be	  included	  in	  all	  descriptive	  MFA	  case	  studies	  [quantification	  
of	   material	   balance	   in	   a	   specific	   region],	   the	   majority	   of	   studies	   do	   not	   address	   the	  
measurement	  errors	  associated	  with	  the	  databases,	  or	  with	  the	  applied	  model	  (e.g.:	  Hammer	  et	  
al.	   2003a;	   Cañellas	   et	   al.	   2004;	   Browne	   et	   al.	   2011).	  When	   addressed,	   these	   errors	   are	   often	  
commented	   on	   in	   qualitative	   terms	   or	   as	   an	   expert	   judgment.	   For	   instance,	   in	   the	   Economy-‐
wide	  MFA	   for	   Sweden	   (Carlsson	   et	   al.	   2006),	   Foreign	   Trade	   Statistics	  were	   declared	   to	   be	   of	  
‘good	  quality’	  and	  a	  study	  from	  Finland	  (Statistics	  Finland	  2010)	  stated	  that	   ‘data	  on	  domestic	  
flows	  and	  exports	  can	  be	  considered	  very	  reliable’	  and	  ‘generally	  DMI	  [Domestic	  Material	  Input]	  
and	  DMC	  [Domestic	  Material	  Consumption]	  are	  regarded	  as	  good	  indicators,	  as	  the	  data	  behind	  
them	  is	  quite	  reliable’.	  	  One	  example	  of	  a	  study	  that	  includes	  a	  quantitative	  analysis	  of	  the	  MFA	  
reliability	   is	   the	   Investigation	   into	   Domestic	   Extraction	   (DE)	   compilation	   consistency	   between	  
multi-‐national	  studies	  (Fischer-‐Kowalski	  et	  al.	  2011).	  	  The	  results	  for	  DE,	  and	  the	  main	  material	  
groups	   including	   27	   EU-‐countries	   in	   2000,	   by	   different	   authors	   were	   cross-‐compared	   and	  
standard	   deviations	   below	   10%	   of	   global	  means	  were	   found.	   In	   contrast,	   data	  measurement	  
errors	  quantification	  has	  become	  a	  usual	  practice	   in	  Substance	  Flow	  Analysis	   studies	   [an	  MFA	  
focused	  on	  selected	  substances]	  for	  both	  descriptive	  and	  exploratory	  studies.	  Example	  of	  these	  
studies	   can	   be	   found	   since	   1990´s	   (e.g.:	   Hansen	   and	   Lassen	   1998)	   as	   well	   as	   in	   other	   more	  
recent	   studies	  performed	   for	  heavy	  metals	  and	  nutrients	  balances	   (e.g.:	  Danius	  and	  Burström	  
2001;	  Hedbrant	  and	  Sörne	  2001;	  Gottschalk	  et	  al.	  2010;	  Kalmykova	  et	  al.	  2012).	  

In	  2014,	  Laner	  and	  colleges	  reviewed	  and	  evaluated	  the	  practice	  of	  uncertainty	  analysis	  
for	   both	   descriptive	   and	   exploratory	  MFA	   and	   SFA.	   	   According	   to	   the	   authors,	  mathematical	  
simpler	  concepts	   focusing	  on	  data	  uncertainty	  are	  well	  suited	  for	  descriptive	  MFA.	  Analysis	  of	  
uncertainty	  in	  the	  data	  should	  be	  an	  integral	  part	  of	  every	  MFA,	  so	  that	  suggested	  conclusions	  
may	   be	   examined	   and	   the	   significance	   of	   the	   differences	   in	   the	   obtained	   results	   taken	   into	  
account	   by	   users	   and	   decision-‐makers.	   Furthermore,	   the	   methodology,	   data	   sources	   and	  
assumptions	  generally	  described	  as	  part	  of	  MFA	  studies	  should	  be	  accompanied	  by	  a	  description	  
of	   the	   uncertainty	   associated	   with	   the	   methodology,	   data	   sources	   and	   assumptions	   (Danius	  
2002;	  Huybrechts	  et	  al.	  1996;	  Lindqvist	  2002).	  

This	  article	  provides	  a	  quantitative	  analysis	  of	  the	  measurement	  errors	  in	  the	  MFA	  input	  
empirical	   data,	   at	   3	   different	   spatial	   levels.	   	   The	   uncertainties	   in	   the	   results	   of	   MFA	   on	   the	  
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country-‐wide,	  regional	  and	  metropolitan	  scales	  are	  quantified	  using	  a	  time	  series	  of	  MFA	  studies	  
for	  1996-‐2011,	  for	  Sweden,	  the	  Stockholm	  Region	  and	  three	  metropolitan	  areas.	  The	  objectives	  
of	   this	   research	   are	   to:	   i)	   analyse	   and	   assess	   in	   quantitative	   terms	   the	   uncertainty	   of	   the	  
datasets	  used	   from	  economy-‐wide	  to	  urban	  MFA;	   ii)	  describe	  differences	   in	   the	  quality	  of	   the	  
databases	  used	  at	  different	  scales;	  iii)	  evaluate	  the	  impact	  of	  the	  quality	  of	  datasets	  on	  the	  main	  
MFA	  indicators;	  and	  iv)	  quantify	  the	  uncertainties	  for	  the	  main	  MFA	  indicators.	  	  

This	   article	   intents	   to	  be	   a	   contribution	   to	   the	  development	  of	   a	   generic	  method	   that	  
reconciles	   different	   sources	   of	   uncertainty	   from	   different	   databases	   typically	   used	   in	   MFA	  
studies.	  A	  method	   that	  provides	  a	  general	   idea	  of	   the	  uncertainty	   in	  MFA	  studies	  will	  allow	  a	  
quick	   assessment	   of	   the	   results,	   and	   support	   comparative	   analysis	   between	   different	   case	  
studies.	  The	  model	  can	  also	  be	  used	  in	  several	  other	  industrial	  ecology	  fields	  that	  traditional	  use	  
large	  and	  diverse	  sets	  of	  data,	  as	  for	  instance	  LCA,	  physical	  and	  monetary	  input-‐output	  tables.	  	  

	  <heading	  level	  1>	  Method	  
<heading	  level	  2>	  Material	  Flow	  Analysis	  
Material	   flow	   analysis	   was	   performed	   at	   three	   spatial	   scales:	   country	   scale	   (Sweden),	  

regional	   scale	   (Stockholm	   Region)	   and	   metropolitan	   area	   scale	   (Stockholm,	   Gothenburg	   and	  
Malmo)	  (Kalmykova	  et	  al.	  2014).	  At	  country	  level,	  the	  economy-‐wide	  MFA	  method	  was	  applied,	  
while	   the	   UMAn	   method	   was	   used	   for	   the	   region	   and	   metropolitan	   areas.	   The	   system	  
boundaries	   were	   defined	   according	   with	   the	   economy-‐wide	   MFA	   (for	   details	   on	   the	   MFA	  
boundaries,	  see	  chapter	  3.2	  of	  economy-‐wide	  MFA).	  Indirect	  flows,	  also	  referred	  to	  as	  ’hidden	  
flows’	  or	  ‘embodied	  materials‘,	  were	  not	  included.	  The	  impact	  of	  data	  quality	  on	  the	  following	  
main	  MFA	  indicators	  was	  investigated:	  	  

•   Direct	  Material	   Input	   (DMI):	   imports	   plus	   used	   domestic	   extraction	   (excavated	  
raw	  material,	  harvested	  biomass).	  Input	  indicator.	  

•   Domestic	   Processed	   Output	   (DPO):	   emissions	   to	   air,	   landfilled	   wastes	   from	  
economic	   activities	   and	   households,	   sludge	   from	  wastewater	   treatment	   and	   dissipative	   flows	  
(solid	  part).	  Output	  indicator.	  

•   Domestic	   Material	   Consumption	   (DMC):	   DMI	   minus	   exports.	   Consumption	  
indicator.	  

•   Net	   Addition	   to	   Stock	   (NAS)	   –	   DMI	   minus	   exports	   and	   DPO.	   Consumption	  
indicator.	  

A	  summary	  of	  the	  data	  requirements	  and	  sources	  for	  the	  MFA	  at	  country,	  regional	  and	  
metropolitan	  area	   level	   is	  available	   in	  table	  1.	  The	  transport	  data	  provides	   information	  on	  the	  
imports	  and	  exports	  of	  goods.	  At	  the	  country	  scale,	  this	  data	  corresponds	  to	  all	  the	  international	  
imports	  and	  exports	  of	  goods,	  traditionally	  defined	  as	  international	  trade	  data.	  For	  regions	  and	  
metropolitan	  areas,	  data	  on	  the	  intranational	  [national	  transport]	  imports	  and	  export	  of	  goods	  
by	  means	  of	   transport	  had	  to	  be	  collected	   (water,	   road,	   rail	  and	  air).	  The	  domestic	  extraction	  
accounts	   for	   the	   extraction	   of	  materials	   in	   the	   area,	   such	   as	   crop	   production,	   bulk	  materials	  
extraction	  or	  metallic	  minerals	  extraction.	  The	  following	  equation	  shows	  an	  example	  on	  how	  the	  
DMI	  indicator	  was	  calculated	  for	  Stockholm	  Region	  and	  for	  Sweden:	  
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Equation	  1:	  

𝐷𝑀𝐼$%&'()&*+	  -./0&1 = 𝐼𝑀𝑃𝑂𝑅𝑇𝑆
8

+9:

;

<9:

+ 𝐷𝑜𝑚𝑒𝑠𝑡𝑖𝑐	  𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
1

J9:

	  

𝑤𝑖𝑡ℎ	  𝑟 = 1,2	  𝑛𝑎𝑡𝑖𝑜𝑛𝑎𝑙	  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡	  𝑎𝑛𝑑	  𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑎𝑙	  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡,𝑚 = 1,… ,4	  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡	  𝑚𝑜𝑑𝑒𝑠, 𝑝
= 1,2	  . .	  	  𝑛	  	  𝑡𝑦𝑝𝑒𝑠	  𝑜𝑓	  𝑑𝑜𝑚𝑒𝑠𝑡𝑖𝑐	  𝑒𝑥𝑡𝑟𝑎𝑡𝑖𝑜𝑛	  	  

	  

𝐷𝑀𝐼$X.Y.1 = 𝐼𝑀𝑃𝑂𝑅𝑇𝑆
8

+9:

:

<9:

+ 𝐷𝑜𝑚𝑒𝑠𝑡𝑖𝑐	  𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
1

J9:

	  

𝑤𝑖𝑡ℎ	  𝑟 = 1	  𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛𝑎𝑙	  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡,𝑚 = 1,… ,4	  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡	  𝑚𝑜𝑑𝑒𝑠, 𝑝 = 1,2	  . .	  	  𝑛	  	  𝑡𝑦𝑝𝑒𝑠	  𝑜𝑓	  𝑑𝑜𝑚𝑒𝑠𝑡𝑖𝑐	  𝑒𝑥𝑡𝑟𝑎𝑡𝑖𝑜𝑛	  	  

In	   order	   to	   close	   the	   material	   balance,	   data	   on	   the	   Outputs	   to	   Nature	   material	   flow	  
indicator	   (DPO)	   is	   necessary,	   where	   air	   emissions,	   urban	   waste,	   economic	   activities	   waste	  
(industrial	  Waste)	  and	  dissipative	   flows	  are	   included.	  As	   the	   inputs	  of	  air	  were	  not	   taken	   into	  
account,	   the	   air	   emissions	   weight	   only	   considers	   the	  mass	   of	   Carbon	   in	   the	   Carbon	   Dioxide.	  
Finally,	  the	  auxiliary	  data	  (table	  1)	  is	  used	  to	  do	  imputations	  [process	  of	  replacing	  missing	  data]	  
(Hair	  et	  al.	  1998).	  
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Table 1 –Main Data inputs and Sources Collected 

	  

<heading	  level	  2>	  Data	  Collection	  	  
Data	   was	   acquired	   from	   official	   publications	   and	   databases	   of	   a	   large	   array	   of	  

organizations	  and	  institutes.	  Priority	  was	  given	  to	  national	  sources.	  Whenever	  possible,	  data	  for	  
the	  region	  and	  metropolitan	  areas	  was	  collected	  at	  the	  municipal	  scale	  or	  at	  the	  metropolitan	  
area	  scale.	  Other	  data	  was	  collected	  for	  the	  higher	  administrative	  boundaries	  available,	  as	  it	  can	  
be	  seen	  in	  table	  1.	  This	  included	  for	  instance	  NUTS	  Regions	  data.	  In	  the	  case	  of	  Sweden	  (NUT	  I),	  
the	   Stockholm	   metropolitan	   area	   corresponds	   to	   a	   complete	   NUT	   III	   Region,	   called	   the	  
Stockholm	  Region	   (see	   figure	   1).	   The	   data	   from	  NUT	   III	   Region	   can	   then	   be	   used	   directly	   for	  
Stockholm	  Region.	  However,	  Malmo	  metropolitan	  area	  is	  only	  a	  part	  of	  the	  NUT	  III	  Skane	  Region	  
and	   Gothenburg	   metropolitan	   area	   is	   composed	   of	   twelve	   municipalities	   within	   the	   NUT	   III	  
Vastra	  Gotaland	  Region	  and	  one	  within	  the	  NUT	  III	  Halland	  Region.	  For	  this	  reason,	  when	  data	  
was	  only	  available	  at	  NUT	  III	  spatial	  scale,	  imputations	  were	  made	  for	  Gothenburg	  and	  Malmo	  
metropolitan	  areas.	  

!

Data$Inputs$ MFA$
Indicator$ Purpose$

Spatial$
Resolution$

Data$
Availability$

Source$ Other$Information$ Uncertainty$
Errors$

C
o
u
n
tr
y!

N
U
T
!I
II
!R
e
g
io
n
!

M
e
tr
o
p
o
lit
a
n
!A
re
a
!

M
u
n
ic
ip
a
lit
y!

P
o
rt
/A
ir
p
o
rt
!

International! Trade!
Statistics!(ITS)!

Inputs!/!
Outputs!

Imports! and! Exports! B! Used! for! country! level!
accounting!

!! !! !! !! !!

Statistics!Sweden!(SCB)!

Data!is!available!online,!both!in!Eurostat!

and!in!the!SCB!website.!But,!due!to!
confidential!values,!a!special!agreement!

had!to!be!signed!with!SCB!to!have!access!to!
all!data.!!

C!

!!Road! Transport!
Statistics!

Inputs!/!
!Outputs!

Road!Imports!and!Exports!–Used!for!regional!and!
metropolitan!level!accounting! !! !! !! !! !!

Swedish!Transport!
Administration;!

Public!Report:!!“Lastbilstrafik!2010!B!

Swedish!national!and!international!road!
goods!transport!2010”!

A!

!!Water! Transport!

Statistics!

Inputs!/!

!Outputs!

Water!Imports!and!Exports!–Used!for!regional!and!

metropolitan!level!accounting! ! ! ! $ !
Swedish!Transport!

Administration!

Public!Report:!”Sjötrafik!2010!B!Shipping!

goods!2010,!Trafikanalys”!
C!

!!Air! Transport!

Statistics!

Inputs!/!

!Outputs!

Air! Imports! and! Exports! –Used! for! regional! and!

metropolitan!level!accounting! ! ! ! ! ! Swedish!Transport!Agency!
Public!Report:!”Luftfart!2010!B!Civil!Aviation!

2010,!Trafikanalys”!
C!

!!Rail! Transport!
Statistics!

Inputs!/!
!Outputs!

Rail,! Road,!Water! and!Air! Imports! and! Exports! –
Used! for! regional! and! metropolitan! level!

accounting! ! ! ! ! !
Eurostat!

Rail!transport!was!only!available!for!2010!
(Eurostat!data).! D!

Agricultural!

production!
Inputs!

Crop! production,! crop! residues,! fruits! and!
vegetables,! fodder! crops,! flowers! and! plants,!

nurseries,!!etc.! !! !! !! !! !!
SCB!/!Swedish!Board!of!

Agriculture;!Eurostat!
Public!Data!available!on!SCB!website! A,C!

Forestry!production! Inputs! RoundBwood!and!fuelBwood!extraction! !! !! !! !! !! Swedish!Forest!Agency!
Public!Data!available!on!!Swedish!Forest!
Agency!website! A,C!

Fisheries!! Inputs! Sea!and!inland!fishing! !! !! !! !! !!
Swedish!Agency!for!Marine!and!

Water!Management!(SwAM)!
Data!made!available!by!!SwAM! D!

Animal!farming! Inputs! Animal!populations!! !! !! !! !! !! SCB! Public!Data!available!on!SCB!website! D!

Fossil!Fuels!Extraction! Inputs! Fossil!fuels!extraction! !! !! !! !! !! Swedish!Geological!Survey! Public!Data!available!on!SCB!website! C!

Metallic! and! nonB
metallic! Mining!

extraction!

Inputs!
Extraction!of!metallic!and!nonBmetallic!minerals!as!

well!as!bulk!materials! !! !! !! !! !!
Swedish!Geological!Survey! Public!Data!available!on!SCB!website! C!

Energy!production!and!

consumption!
Inputs! Energy:!primary!production!and!final!consumption! !! !! !! !! !! Swedish!Geological!Survey! Public!Data!available!on!SCB!website! B!

Municipal!wastes! Outputs!
Municipal! waste! generation!
Recycling/Reuse/Valorisation/Disposal!statistics!! !! !! !! !! !!

Swedish!Waste!Management!
and!Recycling!association!

(Avfall!Sverige);!!

Data!made!available!by!Avfall!Sverige! B,!C!

Industrial!wastes! Outputs!
Other! than! municipal! waste! generation,!
Recycling/Reuse/Valorisation!statistics!! !! !! !! !! !! Swedish!EPA! Public!Data:!”Avfall!i!Sverige!2010”! A,C!

Emissions! of! Carbon!
Dioxide!

Outputs! Air!emissions,!both!fossil!fuel!and!biomass!origin!
!! !! !! !! !!

Regional!Development!and!

Cooperation!(RUS)!;!Statistics!
Sweden;!Swedish!EPA!

Public!Data!available!on!RUS!website! A,C!

Sludge! B!Waste!Water!

Treatment!
Outputs! Sludge!(dry!weight)!from!sewage!treatment! !! !! !! !! !! SCB!

Public!Report:!”Utsläpp!till!vatten!och!

slamproduktion”! C!

Land!Area! Auxiliary! Arable!land!by!plantation! !! !! !! !! !! SCB! Public!Data!available!on!SCB!website! B!

Population! Auxiliary! Population!! !! !! !! !! !! SCB! Public!Data!available!on!SCB!website! B!

Number!of!Employees! Auxiliary! Number!of!employees!per!NACE!code! !! !! !! !! !! SCB!
Special!agreement!!signed!with!SCB!to!have!
access!to!the!data! B!

Legend:!$AB!Data!uncertainty,!available!in!reports;!;!B!–!Data!uncertainty,!based!in!expert!judgment;!C!–!Imputation!error;!!D!–!Assumed!maximum!error.$
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Figure 1 – Spatial scales  

	  

When	  there	  was	  no	  data	  available	  at	  the	  smaller	  spatial	  scales	  previously	  mentioned,	  the	  
national	   scale	  was	   used	   to	   impute	   the	   regional	   and	  metropolitan	   scales,	   as	   it	   is	   described	   in	  
detail	  in	  the	  next	  subsection.	  

<heading	  level	  2>	  Data	  Imputations	  
In	  some	  cases,	  data	  was	  not	  available	  at	  the	  urban	  level,	  requiring	  that	  data	  be	  imputed	  

from	   other	   available,	   larger,	   spatial	   scales.	   For	   instance,	   Agricultural	   production	   and	   Forestry	  
data	   were	   only	   available	   for	   the	   NUT	   III	   Regions.	   For	   Gothenburg	   and	   Malmo	   the	   values	  
describing	   domestic	   extraction	   had	   to	   be	   imputed.	   Two	   different	   imputation	   methods	   were	  
tested.	  By	  the	  first	  approach,	  the	  number	  of	  workers	  within	  a	  specific	  economic	  activity	  in	  the	  
metropolitan	  area	  was	  put	  in	  relation	  to	  the	  data	  for	  NUT	  III	  and	  used	  to	  impute	  the	  different	  
products	  extracted.	  By	  the	  second	  approach,	  the	  calculations	  were	  based	  on	  the	  land	  area	  used	  
to	  grow	  different	  types	  of	  plants.	  Whenever	  this	  data	  was	  not	  available	  by	  type	  of	  plantation,	  
mainly	   for	  confidentiality	   reasons,	   the	  total	   land	  area	  ratio	  between	  the	  two	  scales	  was	  used.	  
For	   the	   imputation	  of	   the	   forestry	  production,	   the	   ratio	  of	  woodland	  was	  used.	  The	   following	  
example	  (Equation	  2)	  shows	  how	  apple	  production	  was	  imputed	  for	  Malmo	  Metropolitan	  Area.	  	  

Equation	  2:	  

𝐴𝑝𝑝𝑟𝑜𝑎𝑐ℎ	  1:	  

𝐴𝑝𝑝𝑙𝑒𝑠	  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	  ]^_`a	  ].b. = 𝐴𝑝𝑝𝑙𝑒𝑠	  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛cde	  fff	  gh^ij	  kjlmai×
𝑊𝑜𝑟𝑘𝑒𝑟𝑠	  𝑁𝐴𝐶𝐸	  0113	  ]^_`a	  ].b.	  

𝑊𝑜𝑟𝑘𝑒𝑟𝑠	  𝑁𝐴𝐶𝐸	  0113	  cde	  fff	  gh^ij	  kjlmai
	  

𝑤ℎ𝑒𝑟𝑒	  𝑁𝐴𝐶𝐸	  0113	  𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠	  𝑡ℎ𝑒	  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	  𝑜𝑓	  𝑓𝑟𝑢𝑖𝑡	  𝑎𝑛𝑑	  𝑏𝑒𝑟𝑟𝑖𝑒𝑠	  𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐	  𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦	  	  

Sweden
country

Stockholm
region and metropolitan

Malmo
metropolitan

Gothenburg
metropolitan

Västra Götaland
region

Halland
region

Skåne 
region 
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𝐴𝑝𝑝𝑟𝑜𝑎𝑐ℎ	  2:	  

𝐴𝑝𝑝𝑙𝑒𝑠	  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	  ]^_`a	  ].b. = 𝐴𝑝𝑝𝑙𝑒𝑠	  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛cde	  fff	  gh^ij	  kjlmai×
𝑇𝑜𝑡𝑎𝑙	  𝐴𝑟𝑎𝑏𝑙𝑒	  𝐿𝑎𝑛𝑑	  ]^_`a	  ].b.	  

𝑇𝑜𝑡𝑎𝑙	  𝐴𝑟𝑎𝑏𝑙𝑒	  𝐿𝑎𝑛𝑑	  cde	  fff	  gh^ij	  kjlmai
	  

In	  some	  cases,	  and	  due	  to	  the	  fact	  that	  the	  study	  was	  performed	  for	  16	  years,	  gaps	  of	  
data	  could	  be	   found,	  mostly	  on	  agriculture	  productions.	  Therefore	  and	  when	  necessary	  other	  
data	  was	   used,	   such	   as	   land	   area	   and	  production	   yields.	  Other	   option	  was	   to	   interpolate	   the	  
production	  using	  trends,	  such	  as	  the	  production	  in	  adjacent	  years.	  	  

Certain	   material	   flow	   Outputs	   data	   had	   also	   to	   be	   imputed.	   At	   the	   country	   scale,	  
industrial	   waste	   disposal	   by	   economic	   sector	   (NACE	   classification)	   was	   only	   available	   for	   the	  
years	  1998,	  2002,	  2004,	  2006,	  2008	  and	  2010.	  For	  instance	  in	  2010	  textile	  sector	  produced	  32	  
thousand	   tonnes	   in	   Sweden	   (Naturvårdsverket,	   2012).	   	   For	   all	   other	   years,	   amounts	   were	  
imputed	  based	  on	  the	  average	  waste	  disposed	  per	  worker	  per	  sector	  observed	  in	  the	  adjacent	  
years,	  and	  the	  number	  of	  workers	  per	  economic	  sector	  during	  the	  imputed	  year.	  For	  region	  and	  
metropolitan	  areas,	  industrial	  waste	  was	  imputed	  using	  the	  country	  scale	  data.	  The	  imputations	  
were	  made	  by	  allocating	  a	  proportion	  of	  the	  country	  amounts	  to	  the	  area,	  based	  on	  the	  number	  
of	   workers	   within	   the	   economic	   activity	   in	   question	   within	   the	   region	   or	   metropolitan	   area	  
divided	  by	  the	  number	  in	  the	  country	  as	  a	  whole	  (Equation	  3).	  

Equation	  3:	  

𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙	  𝑊𝑎𝑠𝑡𝑒	  𝑆𝑒𝑐𝑡𝑜𝑟	  𝑋	  yaz{ji|}~l	  	  ].b. = 𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙	  𝑊𝑎𝑠𝑡𝑒$.'%&<	  �×
𝑊𝑜𝑟𝑘𝑒𝑟𝑠	  𝑆𝑒𝑐𝑡𝑜𝑟	  𝑋	  yaz{ji|}~l	  ].b.	  
𝑊𝑜𝑟𝑘𝑒𝑟𝑠	  𝑆𝑒𝑐𝑡𝑜𝑟	  𝑋	  �a}iz~�	  �j�j_

	  

𝑤ℎ𝑒𝑟𝑒	  𝑆𝑒𝑐𝑡𝑜𝑟	  𝑋	  𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠	  𝑡ℎ𝑒	  𝑆𝑒𝑐𝑡𝑜𝑟𝑠	  𝑓𝑟𝑜𝑚	  𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑐	  𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑣𝑒𝑠	  

The	   dissipative	   flows	   were	   also	   imputed,	   by	   multiplying	   per	   capita	   values	   found	   for	  
Germany	  and	  Austria	  by	  the	  population	  size	  (Matthews	  et	  al.	  2000).	  Data	  on	  CO2	  emissions	  from	  
fossil	   fuels	  origin	  was	  available	  at	  national	   level	   for	  all	   the	  years,	  but	   it	  was	  only	  available	   for	  
Regions	  and	  Metropolitan	  Areas	   for	  2000,	  and	   from	  2005	   to	  2011.	  This	  data	  was	  available	  by	  
sectors.	   For	   the	  other	   years,	  data	  was	   imputed	  by	  multiplying	   the	   share	  of	  emissions	  of	  each	  
sector	  of	  the	  Region	  in	  relation	  with	  the	  Country,	  observed	  in	  the	  adjacent	  years,	  by	  the	  amount	  
of	  CO2	  emissions	  available	  at	  national	  Level.	  The	  following	  example	  shows	  how	  CO2	  emissions	  
was	  imputed	  the	  derived	  from	  energy	  production	  for	  Gothenburg	  Metropolitan	  Area	  in	  2004.	  

Equation	  4:	  

𝐶𝑂2	  𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠	  𝑓𝑟𝑜𝑚	  𝐸𝑛𝑒𝑟𝑔𝑦	  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	  𝑆𝑒𝑐𝑡𝑜𝑟	  𝑖𝑛	  2005:	  
Gothenburg	  M. A. :	  3,037,334	  tonnes	  and	  Sweden: 23,275,460	  tonnes	  
CO2	  Emissions	  from	  Energy	  Production	  	  in	  2004:	  
𝐶𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑖𝑛𝑔	  𝑡ℎ𝑎𝑡	  𝑡ℎ𝑒	  𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠	  𝑓𝑜𝑟	  𝑆𝑤𝑒𝑑𝑒𝑛	  𝑖𝑛	  2004 = 24,351,000	  𝑡𝑜𝑛𝑛𝑒𝑠,	  
𝑇ℎ𝑒	  𝑖𝑚𝑝𝑢𝑡𝑎𝑡𝑖𝑜𝑛	  𝑓𝑜𝑟	  𝐶𝑂2	  𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠	  𝑓𝑜𝑟	  𝐺𝑜𝑡ℎ𝑒𝑛𝑏𝑢𝑟𝑔	  𝑀. 𝐴. 𝑖𝑠	  𝑔𝑖𝑣𝑒𝑛	  𝑏𝑦:	  	  

𝐺𝑜𝑡ℎ𝑒𝑛𝑏𝑢𝑟𝑔	  𝑀. 𝐴. =
3,037,334
23,275,460

×24,351,000 = 	  3,177,687	  𝑡𝑜𝑛𝑛𝑒𝑠	  𝑜𝑓	  𝐶𝑂2	  	  

	  

Whenever	  possible,	  the	  methods	  of	  imputation	  were	  evaluated	  by	  applying	  them	  to	  data	  
where	   values	   at	   both	   spatial	   scales	   were	   available.	   The	   differences	   between	   the	   real	   and	  
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imputed	  values	  were	   registered,	  and	  are	   shown	   in	  Results	  and	  Discussion	   section	   (Subsection	  
Imputations).	   Since	   it	   was	   not	   possible	   to	   assess	   the	   magnitude	   of	   associated	  measurement	  
errors,	  and	  in	  order	  to	  account	  the	  uncertainty	  in	  the	  MFA	  indicators,	  the	  maximum	  differences	  
registered	  for	  each	  imputation	  was	  assumed	  as	  the	  uncertainty.	  

<heading	  level	  2>	  Different	  Sources	  of	  error	  in	  MFA	  Results	  
The	  MFA	  may	  be	  affected	  by	  differences	  in	  data	  originating	  from	  different	  countries,	  use	  

of	   different	   unit	   operations,	   different	   sources,	   and	   subjective	   methodological	   choices.	   The	  
standards	  and	  procedures	  for	  data	  collection	  and	  presentation	  differ	  between	  institutions.	  This	  
means	   that	   it	   is	   often	   not	   possible	   to	   directly	   compare	   the	   measurement	   errors	   of	   similar	  
datasets	   from	  different	   institutions.	   However,	   standardization	   of	   international	   data	   collection	  
contributes	   to	   bridging	   this	   gap.	   One	   example	   is	   the	   international	   trade	   statistics,	   which	   are	  
collected	  according	  to	  the	  Eurostat	  protocols.	  The	  types	  of	  uncertainty	  that	  may	  be	  associated	  
with	  MFA	   studies	   (summarized	   in	   table	   2)	   have	   been	   compiled,	   and	   are	   similar	   to	   the	   ones	  
reported	  in	  a	  study	  of	  LCA	  reliability	  (Björklund	  2002).	  	  
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Table 2 – Different types of errors in MFA. Adapted from Björklund 
(2002) 

	  

To	  assess	  the	  uncertainty	  in	  the	  MFA	  indicators,	  the	  previous	  types	  of	  errors	  had	  to	  be	  
aggregated.	   The	   measurement	   errors	   include	   the	   errors	   described	   in	   statistical	   reports	   for	  

Type% Description% Comments% Uncertainty%

Errors%

Measurement%

errors%

Errors% associated% with% the%

databases%needed%to%conduct%the%

MFA.%%

Collected% from% the% institutions%

providing%the%databases.%% A,%B%

Data%Gaps%% Missing% values% in% the% databases%

due%to%confidentiality%rules%or%for%

other%unknown%reasons.%%

An% agreement% with% SCB% allowed%

access% to% confidential% data.%%

Missing% values% were% imputed%

based% on% data% from% previous%

years.%

E%

Error% due% to%

choices%

Model%choice.%Despite%availability%

of% the% standardized% MFA%

methodology% at% country% level,%

other%models%may%sometimes%be%

used.% Furthermore,% at% the%

regional% and% metropolitan% level,%

there% is% no% standard% model% for%

MFA.%%

Errors% due% assumptions,%
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several	  used	  databases	  (Type	  A).	  This	  is	  the	  case	  of	  Road	  transport	  data,	  collected	  from	  a	  report	  
that	   has	   information	   on	   measurement	   errors	   as	   a	   95%	   of	   Confidence	   Interval	   (normaly	  
distributed).	   Measurement	   errors	   also	   include	   errors	   for	   databases	   that	   were	   provided	   by	  
Expert	   Judgment	   (Type	   B),	   as	   for	   instance	   Water	   transport	   data,	   from	   which	   measurement	  
errors	  were	  assigned	  by	  a	   statistical	  expert	   that	  provided	   the	  data.	  There	  are	  also	   imputation	  
errors	  associated	  with	  the	  imputation	  of	  missing	  values	  (Type	  C).	  Finally,	  for	  lack	  of	  information	  
about	  errors	  in	  databases,	  it	  was	  assumed	  the	  maximum	  error	  of	  similar	  databases	  (Type	  D),	  as	  
for	  instance	  rail	  transport	  data	  from	  which	  uncertainty	  was	  impossible	  to	  assess.	  

<heading	  level	  2>	  Propagation	  of	  errors	  in	  MFA	  Results	  
In	   this	   article,	  we	  will	   concentrate	   on	   studying	   the	   effect	   that	   database	  measurement	  

errors	   and	   imputations	   have	   on	   the	   value	   of	  MFA	   indicators.	   	   Our	   goal	   is	   to	   incorporate	   the	  
evaluation	  of	  errors	  associated	  with	  measurement	   into	  calculation	  of	  DMI,	  DPO	  and	  DMC	  in	  a	  
descriptive	  MFA	  case	  study.	  MFA	  indicators	  are	  linear	  combinations	  of	  data.	  These,	  in	  turn,	  are	  
calculated	  by	  summing	  together	  the	  amount	  of	  tonnes	  of	  products.	  The	  measurements	  of	  these	  
are	  imprecise,	  and	  may	  be	  more	  suitably	  described	  by	  a	  probabilistic	  distribution.	  Since	  we	  treat	  
measurements	  as	  random	  variables,	   the	   indicators	  themselves	  are	  random	  with	  an	  associated	  
distribution.	   In	   order	   to	   evaluate	   uncertainty	   in	   calculation	   of	   indicators,	   an	   estimate	   of	   this	  
distribution	   is	   needed.	   Two	   common	   and	   straightforward	   methods	   to	   obtain	   it	   have	   been	  
suggested	   in	   the	   literature:	   Gauss´s	   law	   of	   error	   propagation	   (equation	   2)	   and	   Monte	   Carlo	  
Simulations	   (Baccini	   and	   Bader,	   1996;	   Brunner	   and	   Rechberger	   2004;	   Laner	   et	   al.	   2014).	   For	  
both	  methods,	  the	  statistical	  distribution	  of	  the	  input	  variables	  has	  to	  be	  known.	  Gaussian	  error	  
propagation	   can	   only	   be	   used	   under	   the	   assumption	   that	   the	   measurement	   errors	   are	  
independent.	   Monte	   Carlo	   Simulation	   is	   a	   numerical	   technique	   used	   to	  sample	  
probability	  distribution.	  	  

The	  data	  used	  in	  this	  study	  originates	  from	  different	   institutions	  with	  different	  ways	  of	  
accounting	   the	   databases	   measurement	   errors.	   The	   databases	   collected	   from	   the	   same	  
institution	   are	   based	   on	   different	   surveys,	   as	   for	   instance	   agriculture	   production	   and	  
International	   trade	  data	  from	  SCB.	  Therefore	   it	   is	   reasonable	  to	  assume	  that	  the	  variables	  are	  
independent	  from	  each	  other.	  The	  collected	  measurements	  available	  in	  reports	  are	  reported	  to	  
follow	   a	   normal	   distribution	   (e.g.:	   agriculture	   production,	   road	   transport	   data).	   Thus,	   in	   this	  
article,	  we	  will	  use	  the	  first	  approach	  to	  estimate	  the	  amount	  of	  uncertainty	  associated	  with	  the	  
calculation	   of	   MFA	   indicators.	   Assuming	   that	   the	   individual	   measurements	   are	   normally	  
distributed	  with	  expectation	  θi	  and	  standard	  deviation	  σi,	  with	  the	  unit	  of	  measurement	  being	  
tonnes.	   Then,	   the	   indicators,	   which	   are	   linear	   combinations	   of	   these,	   will	   also	   be	   normally	  
distributed	  with	   expected	   value	   θ	   =	   θ1	   +	   …	   +	   θn	   and	   standard	   deviation	   given	   in	   Equation	   5.	  
Equation	  6	  shows	  how	  the	  standard	  deviation	  of	  DMI	  indicator	  at	  Region	  level	  can	  be	  calculated.	  	  

Equation	  5:	  

𝜎¥¦§ = 𝜎¥
;
+ 𝜎§

;
,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

𝑤ℎ𝑒𝑟𝑒	  𝑎, 𝑏	  𝑎𝑟𝑒	  𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙	  𝑖𝑑𝑒𝑛𝑝𝑒𝑛𝑑𝑒𝑛𝑡	  𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠, 𝑎𝑛𝑑	  𝜎¥ , 𝜎§ , 𝜎¥¦§	  𝑡ℎ𝑒	  𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑	  𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑠	  

Equation	  6:	  
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𝜎¨©ª	  -./0&1 = 𝜎-&¥Y	  «¥%.	  	  ª+J.
;
+ 𝜎-&¥Y	  ª1%.	  	  ª+J.

;
+ 𝜎¬¥%.<	  ª1%.	  	  ª+J.

;
+𝜎¬¥%.<	  ª1%.	  	  ª+J.

;
+𝜎1

;
…	  

𝑤ℎ𝑒𝑟𝑒	  𝜎1 	  𝑎𝑟𝑒	  𝑡ℎ𝑒	  𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑	  𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑠	  𝑖𝑛	  𝑡𝑜𝑛𝑛𝑒𝑠	  𝑓𝑟𝑜𝑚	  𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙	  𝑖𝑑𝑒𝑛𝑝𝑒𝑛𝑑𝑒𝑛𝑡	  𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠,
𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑑𝑖𝑛𝑔	  𝑎𝑙𝑙	  𝑡ℎ𝑒	  𝑖𝑚𝑝𝑜𝑟𝑡𝑠	  𝑏𝑦	  𝑚𝑒𝑎𝑛𝑠	  𝑜𝑓	  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡, 𝑎𝑛𝑑	  𝑡ℎ𝑒	  𝐷𝑜𝑚𝑒𝑠𝑡𝑖𝑐	  𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛	  

However,	  in	  reality	  θi	  and	  σi	  are	  not	  known,	  and	  have	  to	  be	  estimated	  from	  the	  data.	  To	  obtain	  
such	  estimates,	  data	  measurements	  errors	  were	  requested	  whenever	  a	  database	  was	  collected.	  
In	   some	   cases,	   this	   information	   was	   not	   available,	   and	   therefore	   the	   uncertainty	   in	   the	  
measurements	   was	   assessed	   by	   statistical	   expert’s	   judgements,	   a	   common	   practice	   in	   MFA	  
studies.	   This	   assessment	   usually	   takes	   the	   form	  of	   an	   interval	   that,	   according	   to	   the	   experts,	  
covers	  the	  true	  value	  of	  θi	  with	  great	  probability.	  For	  instance,	  an	  expert	  could	  state	  “in	  water	  
transport,	   measurement	   errors	   are	   never	   more	   than	   5	   percent”.	   It	   was	   decided	   to	   ask	   the	  
experts	  simply	  to	  produce	  a	  maximum	  interval	  without	  specifying	  the	  degree	  of	  confidence.	  This	  
was	   done	   based	   on	   the	   study	   done	   Teigen	   and	   Jorgensen	   (2005),	   in	  which	   is	   concluded	   that	  
when	   people	   produce	   an	   uncertainty	   interval,	   it	   is	   not	   primarily	   based	   on	   probability	  
considerations.	   	   According	   to	   the	   same	   authors,	   by	   using	   this	   approach,	   experts	   tend	   to	   give	  
wider	   intervals,	  and	  therefore	  the	  associated	  overconfidence	  can	  also	  be	  reduced.	   In	  order	   to	  
access	   the	  uncertainty,	  when	  measurement	  errors	  were	  based	   in	   expert’s	   judgements,	   the	  θi	  
and	  σi	  had	  to	  be	  estimated,	  assuming	  that	  the	  given	  intervals	  will	  have	  a	  confidence	  interval	  of	  
99%.	  	  

	   In	   some	   cases,	   the	   databases	   measurements	   errors	   were	   given	   in	   an	   interval	   of	  
confidence	  of	  95%,	  following	  a	  normal	  distribution.	  For	  these	  cases,	  and	  in	  order	  to	  account	  the	  
standard	  deviation,	  the	  measurement	  errors	  were	  assumed	  to	  represent	  2	  standard	  deviations,	  
as	  is	  shown	  in	  the	  Equation	  7:	  

Equation	  7:	  

𝑅𝑜𝑎𝑑	  𝑁𝑎𝑡𝑖𝑜𝑛𝑎𝑙	  𝐼𝑚𝑝𝑜𝑟𝑡𝑠	  gzah{a_`	  kjlmai = 2,022,118 ∓ 343,760	  𝑡𝑜𝑛𝑛𝑒𝑠	  

𝜎𝑅𝑜𝑎𝑑	  𝑁𝑎𝑡𝑖𝑜𝑛𝑎𝑙	  𝐼𝑚𝑝𝑜𝑟𝑡𝑠gzah{a_`	  kjlmai. =
343,760

2
𝑡𝑜𝑛𝑛𝑒𝑠 = 171,880	  𝑡𝑜𝑛𝑛𝑒𝑠	  

These	   two	   ways	   of	   assessing	   uncertainty,	   result	   in	   two	   different	   approaches	   to	   obtaining	  
estimates	  of	  θi	  and	  σi,	  both	  of	  which	  are	  explained	  in	  detailed	  in	  Supplementary	  Material	  Section	  
1.	  

From	  now	  on,	  we	  will	   represent	   the	  uncertainty	   (both	   in	   individual	  measurements	  and	   in	   the	  
calculated	  indicators)	  as	  an	  interval	  of	  the	  form	  estimated	  µ	  +-‐	  estimated	  σi,	  where	  estimated	  µ	  
and	  estimated	  	  σ	  are	  obtained	  as	  described	  above	  and	  in	  Supplementary	  Material	  Section	  1.	  This	  
interval	   is	   symmetric	   (on	   the	   tonnes	   scale)	   and	  has	   the	  property	   that,	   if	   the	  measurement	  or	  
indicator	   indeed	  came	   from	  the	  estimated	  distribution,	   its	  value	  would	  be	  within	   this	   interval	  
with	  probability	  0.68.	  However,	   this	   interval	  will	  be	   represented	   in	  percentage,	   rather	   than	   in	  
tonnes.	  This	  is	  done	  to	  allow	  a	  comparison	  of	  the	  MFA	  indicators	  at	  different	  spatial	  scales.	  	  The	  
percentage	  is	  calculated	  by	  dividing	  estimated	  σ	  by	  estimated	  µ,	  which	  will	  give	  us	  an	  interval	  on	  
the	  form	  [1+-‐estimated	  σ/estimated	  µ]*100%.	  	  
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As	  an	  example	  for	  calculation	  of	  uncertainty	  intervals,	  both	  on	  the	  tonnes	  scale	  and	  on	  
the	  percentage	  scale	  consider	  DMC.	  In	  the	  following	  Equation,	  the	  uncertainty	  associated	  with	  
this	  indicator	  is	  calculated	  for	  Gothenburg	  in	  2011:	  	  

Equation	  8:	  

DMI±&%).1§²</	  ©.³. = 46,122,233	   ± 	  934,797	  tonnes	  
EXPORTS±&%).1§²</	  ©.³. = 34,776,203	   ± 	  945,246	  tonnes	  

SD¹]�	  yaz{ji|}~l	  ].b. = 934,797; + 	  945,246; = 1,329,412	  tonnes	  	  
DMC±&%).1§²</	  ©.³. = 11,346,030 ± 	  1,329,412	  tonnes	  

𝜎𝐷𝑀𝐶𝐺𝑜𝑡ℎ𝑒𝑛𝑏𝑢𝑟𝑔	  𝑀.𝐴. =
1,329,412
11,346,030 = 11.72%	  

If	  the	  distribution	  of	  the	  used	  databases	  is	  not	  known,	  the	  maximum	  intervals	  approach	  can	  be	  
used,	  by	  adding	  the	   lowest	  and	  highest	  values	  within	   the	   intervals	   (Hansen	  and	  Lassen	  2002).	  
The	  results	  using	  this	  approach	  can	  be	  seen	  in	  Supplementary	  Material	  Section	  2.	  
	  

<heading	  level	  1>	  Results	  and	  Discussion	  
<heading	  level	  2>	  Data	  inputs	  
According	  to	  the	  MFA	  methodology,	  two	  sets	  of	  data,	  domestic	  extraction	  and	  imports,	  

were	  used	  for	  calculating	  the	  material	  flow	  Inputs	  (for	  details	  on	  the	  MFA	  indicators,	  see	  Rosado	  
et	   al.	   2014b).	   For	   the	   country	   scale,	   the	   data	   availability	   and	   quality	  was	   good.	   In	   particular,	  
annual	   international	   trade	   statistics	   are	   collected	   in	   accordance	   with	   EU	   regulations,	   with	  
measurement	   errors	   of	   1-‐2%	   (based	   on	   Expert	   Judgment),	   and	   available	   from	   the	   Swedish	  
national	  statistics	  office	  (SCB).	  Domestic	  extraction	  is	  also	  available.	  However,	  imputations	  had	  
to	  be	  made	  for	  data	  not	  traditionally	  covered	  by	  statistics	  offices,	  such	  as	  grazed	  biomass	  and	  
used	   crop	   residues	   (see	  Supplementary	  Material	   tables	  5-‐8	   for	   a	   complete	   list	  of	   imputations	  
made).	  	  In	  addition,	  conversion	  into	  mass	  weight	  was	  made	  for	  wood	  extraction	  and	  nurseries,	  
using	   conversion	   factors	   from	   the	   Eurostat	   Compilation	   Guide	   2012.	   Imputations	   were	   also	  
necessary	  for	  agriculture	  production	  for	  urban	  areas,	  as	  was	  stated	  before.	  

Other	   domestic	   extraction	  was	  disaggregated	   in	   a	  way	   that	   allowed	   accounting	   at	   the	  
metropolitan	   area	   and	   even	   municipality	   scale,	   the	   lowest	   spatial	   resolution	   available.	   For	  
instance,	   the	  quantity	  of	   fish	  products	  was	  available	  by	  unloading	  port,	   and	   the	  extraction	  of	  
construction	   minerals	   (sand,	   gravel	   and	   crushed	   stone)	   was	   available	   by	   municipality.	  
Construction	  minerals	  are	  in	  fact	  the	  most	  important	  category	  of	  domestic	  extraction	  by	  weight	  
and	  accounts	  for	  at	  least	  50%	  of	  the	  total	  materials	  extracted	  in	  the	  studied	  metropolitan	  areas.	  
These	   results	   are	   in	   line	  with	   the	   statement	   by	   Fisher-‐Kowalski	   and	   colleagues	   (2011),	  which	  
said	   that	   construction	   minerals	   account	   for	   more	   than	   one	   third	   of	   the	   global	   material	  
extraction.	   Consequently,	   the	   data	   measurement	   errors	   for	   the	   extraction	   of	   non-‐metallic	  
minerals	   are	   very	   important	   when	   the	   total	   uncertainty	   in	   the	   amount	   of	   urban	   domestic	  
extraction	   is	   evaluated.	   The	   non-‐metallic	  minerals	   data	  was	   available	   at	  municipal	   level,	  with	  
measurement	  errors	  based	  on	  expert	  judgment.	  



13	  
	  

Data	   confidentiality	   was	   an	   issue	   only	   for	   agricultural	   production.	   To	   analyse	   the	  
influence	  of	  the	  confidential	  data,	  the	  percentage	  of	  confidential	  data	  for	  all	  the	  NUT	  II	  Swedish	  
Regions	  was	  calculated	  for	  certain	  products	  and	  compared	  to	  the	  total	  amount	  available	  for	  the	  
country	  as	  a	  whole.	  The	  fraction	  of	  confidential	  data	  was	  found	  to	  be	  negligible;	  in	  2011	  it	  was	  
0.3%	  for	  apple	  production,	  0.1%	  for	  broccoli	  and	  1.1%	  for	  winter	  wheat	  production.	  Finer	  spatial	  
resolution	   was	   associated	   with	   a	   higher	   probability	   of	   the	   data	   being	   confidential,	   due	   to	   a	  
lower	   number	   of	   producing	   companies.	   This	   is	   in	   line	   with	   the	   comments	   by	   Hammer	   and	  
colleagues	   (2003)	   that	   regional	  data	  confidentiality	  can	  be	  an	   issue	  when	  a	  specific	  product	   is	  
only	  produced	  by	  a	  small	  number	  of	  firms.	  	  	  

Another	  issue	  relating	  to	  the	  data	  collection	  was	  the	  missing	  values	  for	  some	  years	  in	  the	  
agricultural	  production	  data.	  This	  applied	  mostly	  to	  data	  from	  before	  2000.	  For	  Sweden,	  25.0%	  
of	  values	  were	  missing	  for	  the	  years	  1996-‐1999,	  and	  4%	  between	  2000	  and	  2012.	  For	  a	  number	  
of	   collected	   databases,	   including	   sea	   water	   fishing	   and	   rail	   transport	   data,	   there	   was	   no	  
information	  about	  data	  measurement	  errors.	  	  

As	   shown	   in	   Supplementary	   Material	   figure	   2,	   the	   origin	   of	   the	   material	   flow	   Inputs	  
depends	  on	  the	  scale	  studied.	  At	  country	   level,	   the	  majority	  of	   the	  material	   flow	   Inputs	  come	  
from	  domestic	  extraction,	  which	  for	  all	  the	  studied	  years	  comprised	  more	  than	  70%	  of	  the	  total	  
material	   flow	  Inputs.	  For	  this	  reason,	  the	  uncertainty	  associated	  with	  the	  material	   flow	  Inputs	  
indicator	  is	  mostly	  related	  to	  the	  domestic	  extraction,	  the	  extraction	  of	  minerals	  in	  particular,	  as	  
this	   segment	  made	  up	  more	   than	  65%	  of	   the	  domestic	   extraction	   in	   Sweden	  during	   the	   time	  
period	  studied.	   In	  contrast,	   imports	  are	  the	  most	   important	  material	   flow	  Input	  for	  Stockholm	  
Region	  and	  metropolitan	  areas.	  Due	  to	  this	  effect	  the	  data	  measurement	  errors	  of	  the	  regional	  
and	  metropolitan	   transport	   statistics,	   used	   for	   accounting	   the	   intranational	   and	   international	  
imports,	   are	   important	   when	   the	   total	   uncertainty	   in	   the	   regional	   material	   flow	   Inputs	   is	  
calculated.	   It	   should	   be	   noted	   that	   the	   data	   errors	   measurement	   interval	   reported	   for	   the	  
regional	  transport	  statistics,	  3-‐14%,	  is	  much	  higher	  than	  for	  the	  international	  trade	  data	  (1-‐2%)	  
used	  for	  country	  scale	  accounting.	  	  

Moreover,	  regional	  transport	  statistics	  (intranational	  and	  international:	  water,	  road,	  rail	  
and	  air)	  have	  different	  reporting	  measurement	  errors.	  Air	  and	  water	  transport	  data	  is	  the	  most	  
accurate,	  with	   2%	  of	   reported	  measurement	   errors	   (Trafikverket	   and	   SCB),	  while	   a	  maximum	  
measurement	  error	  of	  14%	  has	  been	  reported	  for	  the	  road	  transport	  data	  (Trafikanalys).	  For	  rail	  
transport,	  average	  measurement	  errors	  of	  12%	  were	  assumed,	  as	  no	  information	  was	  available.	  
As	  shown	  in	  Supplementary	  Material	  figure	  3,	  each	  metropolitan	  area	  has	  different	  proportions	  
of	  imports	  and	  exports	  of	  goods	  by	  transport	  mode.	  This	  means	  that	  the	  type	  of	  transport	  used	  
has	  a	  significant	  impact	  on	  the	  uncertainty	  of	  the	  accounted	  flows.	  For	  instance,	  as	  Gothenburg	  
has	  the	   largest	  harbour	   in	  the	  Nordic	  countries,	   its	  material	   flow	  Inputs	  are	  dominated	  by	  the	  
water	   international	   trade	   transport	   (Business	  Region	  Göteborg	  AB).	   In	   general,	   for	   Stockholm	  
Region	  and	   the	  metropolitan	   areas,	   the	  water	   and	   road	   transport	   combined	  always	   comprise	  
over	  85%	  of	  the	  total	  amount	  of	  goods	  carried,	  both	  in	  the	  imports	  and	  exports	  category,	  while	  
the	  proportion	  of	  goods	  imported	  and	  exported	  by	  rail	  never	  exceeded	  15%.	  The	  air	  transport	  
was	  responsible	  for	  the	  smallest	  share	  of	  the	  total	  amount	  of	  goods	  carried	  (less	  than	  1%	  of	  the	  
total).	  
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The	  water,	  road	  and	  air	  transport	  statistics	  were	  usually	  available	  at	  the	  resolution	  level	  
of	  a	  port,	  airport	  or	  municipality.	  The	  railway	  data,	  on	  the	  other	  hand,	  was	  only	  available	  in	  the	  
form	  of	  the	  amount	  of	  goods	  transported	  to	  and	  from	  Swedish	  NUT	  II	  Regions	  in	  2010	  (Eurostat	  
data).	   For	   the	   remaining	   years,	   only	   data	   on	   the	   total	   amount	   of	   goods	   transported	   by	   train	  
within	  Sweden,	  and	  exported	  to	  and	  from	  Sweden	  was	  available.	  National	  data	  was	  therefore	  
used	  to	   impute	  the	   intranational	  and	   international	   imports	  and	  exports	  of	  goods	  registered	   in	  
the	  Stockholm	  Region	  and	  metropolitan	  areas.	  The	  impact	  of	  this	  imputation	  on	  the	  MFA	  results	  
is	   probably	   limited,	   as	   the	   proportion	   of	   goods	   imported	   and	   exported	   by	   train	   in	   2010	   (for	  
which	  data	  was	  available)	  did	  not	  exceed	  15%.	  	  

The	  material	  flow	  Outputs	  account	  encompasses	  three	  sets	  of	  data:	  air	  emissions,	  waste	  
disposal	  and	  dissipative	  flows	  (i.e.	  inorganic	  fertilizers,	  spread	  manure,	  pesticides,	  salt,	  sand	  and	  
gravel).	  Again,	  data	  was	  easier	  to	  obtain	  at	  country	  scale	  than	  for	  the	  region	  and	  metropolitan	  
areas.	  However,	  the	  material	  flow	  Outputs	  data	  was	  generally	  less	  complete	  than	  the	  material	  
flow	  Input	  data.	  This	  is	  in	  line	  with	  the	  statement	  by	  Fischer-‐Kowalski	  and	  colleagues	  (2011)	  that	  
material	  flow	  Input	  data	  is	  traditionally	  easier	  to	  collect.	  	  

Air	  emissions	  cover	  the	  CO2	  emissions	  from	  both	  fossil	  fuels	  and	  biomass.	  In	  weight	  and	  
according	  to	  Regional	  Development	  and	  Cooperation	  (RUS)	  data,	  the	  CO2	  emissions	  in	  Sweden	  
in	  2011	  amounted	  to	  94.9%	  of	  the	  combined	  total	  of	  26	  different	  emissions	  measured.	  Based	  on	  
this,	   the	   other	   emissions	   were	   neglected	   in	   this	   study.	   Data	   for	   the	   Stockholm	   Region	   and	  
metropolitan	   areas	   were	   available	   by	  municipality	   for	   the	   years	   2000	   and	   2005	   –	   2011,	   and	  
categorized	  by	  emission	  source.	  For	   the	   remaining	  years,	   imputations	  were	  made	  by	  applying	  
the	  region’s	  share	  of	  the	  emissions	  for	  the	  country	  as	  a	  whole,	  registered	  in	  the	  nearest	  year	  for	  
which	  it	  was	  known,	  to	  the	  country	  scale	  statistics	  for	  each	  economic	  activities	  sector.	  Indeed,	  
at	  every	  studied	  scale	  in	  Sweden	  air	  emissions	  account	  for	  more	  than	  43%	  of	  the	  total	  material	  
flow	  Outputs	  to	  Nature.	  	  

For	  the	  Stockholm	  Region	  and	  the	  metropolitan	  areas,	  data	  on	  urban	  waste	  generation	  
was	  available	  at	  municipal	  level	  after	  2007.	  For	  the	  earlier	  years,	  numbers	  were	  imputed	  based	  
on	   per	   capita	   national	   values.	   	   The	   biggest	   information	   gap	   in	   the	   output	   to	  Nature	  was	   the	  
waste	   disposed	  by	   economic	   activity.	   As	   shown	   in	   Supplementary	  Material	   figure	   4,	   for	   2010	  
and	  at	  country	  scale,	  this	  data	  represents	  19.5%	  of	  the	  total	  material	  flow	  Outputs	  to	  Nature.	  	  

To	  summarize,	   the	  main	  difference	  between	  MFA	  at	   the	  country	  and	  regional	  scales	   is	  
the	  data	  availability	   (Browne	  et	  al.	  2011;	  Hammer	  et	  al.	  2003b;	  Hinterberger	  et	  al.	  2003).	  The	  
difficulties	  related	  to	  data	  collection	  at	  the	  regional	  scale	  in	  this	  study	  include:	  1)	  data	  is	  spread	  
among	  several	   institutions	  (e.g.:	   transport	  data);	  2)	  confidentiality	  of	  data	  (e.g.:	  some	  crops	   in	  
agriculture	  production);	  3)	  data	  is	  available	  at	  a	  regional	  scale,	  but	  not	  at	  lower	  administrative	  
boundaries	  (e.g.:	  agriculture	  production);	  4)	  some	  data	  is	  only	  available	  at	  country	  scale	  (e.g.:	  air	  
emissions).	  For	  the	  above	  reasons,	  data	  processing	  is	  necessary	  for	  urban	  MFAs.	  

<heading	  level	  2>	  Imputations	  
As	   stated	   before,	   two	   approaches	   were	   tested,	   to	   account	   agriculture	   production	   at	  

Urban	   Level,	   by	   number	   of	   workers	   and	   arable	   land.	   In	   order	   to	   identify	   which	   of	   the	   two	  
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approaches	  caused	  the	  smallest	  errors,	  two	  imputations	  for	  the	  NUT	  III	  region	  based	  on	  the	  NUT	  
II	  (a	  larger	  region)	  were	  made	  and	  the	  results	  compared	  to	  the	  real	  data	  that	  is	  available	  for	  the	  
NUT	   III	   region	   (table	   3).	   The	   approach	   that	   used	   the	   ratio	   of	   land	   area	   resulted	   in	   smaller	  
differences	   in	   the	   interval	   0.4	   –	   18.3	   %	   for	   the	   agricultural	   and	   0.4	   –	   29.7	   %	   for	   the	   wood	  
production	   respectively,	   for	   the	   16-‐year	   study	   period.	   	   A	   correlation	   analyses	   between	   real	  
values	   and	   the	  estimated	   values	  was	  done.	  Results	   show	  a	  R2=0.49	   (agricultural)	   and	  R2=0.86	  
(wood	  production)	  when	  arable	  land	  approach	  was	  used	  and	  R2=0.60	  (agricultural)	  and	  R2=0.18	  
(wood	  production)	  when	  the	  number	  of	  workers	  was	  used	  (see	  Supplementary	  Material	  Figure	  
5).	  	  

Table 3 – Differences for different imputation methods for 
agriculture production and forestry extraction 

	  

Some	  material	  flow	  Outputs	  had	  also	  to	  be	  imputed,	  such	  as	  waste	  disposal	  by	  economic	  
sector	   (NACE	   classification)	   data.	   This	   was	   done	   based	   on	   the	   average	   waste	   disposed	   per	  
worker	   per	   sector	   observed	   in	   the	   adjacent	   years,	   and	   the	   number	   of	  workers	   per	   economic	  
sector	  during	  the	  imputed	  year.	  Such	  an	  approach	  resulted	  in	  a	  difference	  of	  7%,	  as	  identified	  by	  
comparing	   the	   imputed	   figure	   for	  2010	  with	   real	   statistical	  data.	  Regarding	   the	   imputation	  of	  
CO2,	   using	   the	   national	   amounts	   per	   year,	   and	   the	   share	   of	   the	   economic	   activities	   of	   each	  
metropolitan	   area,	   the	   results	   show	   a	   R2	   of	   0.50	   to	   Gothenburg	  Metropolitan	   Area,	   0.96	   to	  
Malmo	  Metropolitan	  Area	  and	  0.63	  to	  Stockholm	  Region	  (see	  Supplementary	  Material	  Figure	  6).	  

<heading	   level	   2>	   Evaluation	   if	   the	   effect	   of	   data	   measurement	   in	   MFA	   indicators	  
uncertainty	  	  

The	  effect	  that	  data	  measurement	  errors	  have	  on	  the	  MFA	  indicators	  was	  evaluated	  by	  
considering	   these	   indicators	   to	   be	   random,	   and	   obtaining	   an	   estimate	   of	   the	   corresponding	  
distributions	   as	   described	   in	   section	   Methods.	   The	   results	   regarding	   DMI	   indicator	   (see	  
Supplementary	  Material	   table	   9	   for	   tabulate	   results),	   including	   the	   uncertainty	   intervals,	   are	  
presented	   in	   figure	  2.	  As	  expected,	   the	   relative	  uncertainty	   associated	  with	   the	   country	   scale	  
accounting	   is	   lower	   (0.6	   –	   0.7%)	   than	   for	   the	   Stockholm	   Region	   (2.0-‐3.3%)	   and	  metropolitan	  
areas	   (2.0-‐5.3%).	  There	  are	   two	  main	   reasons	   for	   this	  difference:	  1)	   transport	  data	  at	  country	  
level	   is	   based	   on	   international	   trade	   statistics,	   which	   has	   less	   relative	   uncertainty	   than	   the	  
regional	  transport	  statistics	  used	  at	  the	  regional	  and	  metropolitan	  scale;	  2)	  MFA	  at	  urban	  level	  
aggregates	  uncertainties	  from	  more	  sets	  of	  data,	  since	   intranational	  and	   international	   imports	  
per	  mode	  of	  transport	  have	  to	  be	  accounted	  for.	  

Employees)approach) 1996) 1997) 1998) 1999) 2000) 2001) 2002) 2003) 2004) 2005) 2006) 2007) 2008) 2009) 2010) 2011)

Agricultural*production* 0.4%* 3.9%* 1.4%* 19.8%* 0.5%* 6.2%* 5.5%* 13.9%* 1.5%* 13.9%* 13.0%* 0.0%* 4.3%* 6.9%* 7.1%* 4.3%*

Forestry* 14.2%* 14.5%* 9.0%* 3.4%* 27.9%* 1.5%* 35.5%* 23.8%* 5.6%* 27.5%* 51.0%* 16.8%* 13.8%* 11.5%* 34.2%* 26.0%*

Land)area)approach) 1996) 1997) 1998) 1999) 2000) 2001) 2002) 2003) 2004) 2005) 2006) 2007) 2008) 2009) 2010) 2011)

Agricultural*production* 7.8%* 1.5%* 12.8%* 18.3%* 2.8%* 4.9%* 3.4%* 10.9%* 2.0%* 12.1%* 9.9%* 0.4%* 4.9%* 7.3%* 5.9%* 4.3%*

Forestry* 0.6%* 0.4%* 1.4%* 4.0%* 5.3%* 4.9%* 3.9%* 25.8%* 24.3%* 29.7%* 23.3%* 3.3%* 2.7%* 5.3%* 4.5%* 4.5%*

*
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Figure 2 – Direct Material Flow Inputs at different scales and the 
associated standard deviations 

The	  DMI	  MFA	  results	   for	  Malmo	  resulted	   in	  the	   largest	  relative	  uncertainty	  among	  the	  
metropolitan	   areas.	   This	   is	   due	   to	   the	   fact	   that	   its	   agricultural	   production	   represents	  
approximately	   15%	   of	   the	   total	   material	   flow	   Inputs	   and	   also	   because	   the	   majority	   of	   the	  
imports	  were	  done	  by	   road.	  For	  Gothenburg,	   the	  uncertainty	   is	   smaller,	  because	   the	  share	  of	  
agricultural	  production	  is	  small	  (<2%).	  Moreover,	  the	  majority	  of	  the	  imports	  to	  Gothenburg	  are	  
by	  water-‐based	  modes	  of	  transport,	  which	  have	  lower	  uncertainty	  than	  road	  transports.	  	  

The	   uncertainty	   associated	   with	   the	   DPO	   (see	   Supplementary	   Material	   table	   10	   for	  
tabulated	   results)	   at	   country	   scale	   accounting	   is	   lower	   (2.1	   –	   2.8%)	   than	   for	   the	   Stockholm	  
Region	  (3.3-‐5.0%)	  and	  the	  metropolitan	  areas	   (2.2-‐3.6%),	  as	  shown	   in	   figure	  3.	   In	  general,	   the	  
uncertainty	  of	  DPO	  depends	   in	   a	   large	  part	   from	   the	  uncertainty	   from	   the	  air	   emissions	  data	  
(approximately	  50%),	  which	  after	  2007	  was	  collected	  at	  municipal	  level	  and	  has	  good	  quality.	  In	  
this	  specific	  case	  there	  is	  one	  single	  variable	  (air	  emissions)	  with	  estimated	  variance	  much	  larger	  
than	  the	  other	  ones	  in	  the	  sum.	  Therefore	  it	  contributes	  the	  most	  to	  the	  estimated	  variance	  of	  
the	  DPO	  indicator.	  
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Figure 3 – Domestic Processed Output (DPO) at different scales and 
the associated standard deviations 

The	   uncertainty	   associated	   with	   the	   DMC	   (see	   Supplementary	   Material	   table	   11	   for	  
tabulated	   results)	   was	   evaluated	   by	   combining	   the	   estimated	   variations	   of	   the	   DMI	   and	   the	  
exports,	  using	  equation	  1.	   For	   the	  country	   scale,	   the	   relative	  uncertainty	  was	   low,	  due	   to	   the	  
good	   quality	   of	   the	   international	   trade	   data	   (a	  maximum	   of	   1.9%).	   The	   uncertainties	   for	   the	  
Stockholm	  Region	  (3.8-‐8.6%)	  and	  for	  the	  metropolitan	  areas	  (3.8-‐22.6%)	  are	  higher	  due	  to	  the	  
high	   relative	   errors	   regional	   transport	   data,	   on	   which	   the	   export	   data	   are	   based	   (see	  
Supplementary	  Material	   table	  12	   for	   tabulated	   results).	  The	  DMC	  uncertainty	  depends	  on	   the	  
ratio	   between	   Imports	   and	  Consumption	   (DMC)	   registered	   in	   each	  Region.	   Regions	  with	   high	  
ratio	   as	   for	   instance	   Gothenburg	   (3.2	   to	   5.5)	   have	   higher	   uncertainty	   in	   the	   DMC	   (with	  
uncertainty	  intervals	  on	  the	  percentage	  scale	  between	  11.4-‐22.6).	  The	  lower	  the	  ratio,	  the	  less	  
uncertainty	  is	  found.	  Malmo	  has	  a	  ratio	  that	  varies	  from	  1.1	  to	  2.1	  (7.0-‐19.5	  %),	  and	  Stockholm	  
Region	  varies	  from	  0.9	  to	  1.3	  (3.8-‐8.6	  %).	  This	  is	  even	  more	  evident	  at	  the	  country	  level,	  where	  
the	  ratio	  varies	  from	  0.4	  to	  0.5,	  and	  the	  width	  of	  the	  uncertainty	  intervals	  associated	  with	  DMC	  
is	  between	  1.0	  and	  1.2	  %.	  	  

<heading	  level	  2>	  Dependence	  of	  the	  MFA	  indicators	  on	  the	  errors	  types	  
As	   it	   can	   be	   seen	   in	   Figure	   2,	   the	   imputed	   data	   represents	   a	   maximum	   of	   19%	   for	  

Metropolitan	  Areas	  and	  7%	  for	  Region,	  of	  the	  total	  weight	  of	  the	  DMI	  indicator.	  Similar	  values	  
were	   found	   for	   Exports	   data,	   in	   which	   imputations	   represent	   a	   maximum	   of	   8%	   (Stockholm	  
Region)	  and	  14%	  (metropolitan	  areas).	  Therefore,	  and	  for	  the	  specific	  case	  of	  DMI	  indicator	  and	  
DMC	   indicator	   we	   may	   reasonably	   assume	   that	   the	   error	   originating	   from	   imputation	   has	   a	  
relatively	  small	  impact	  on	  the	  results	  (maximum	  of	  19%	  for	  the	  DMI	  indicator	  and	  14%	  for	  the	  
Exports),	  and	  especially	  if	  the	  study	  Region	  encompasses	  a	  complete	  NUT	  II	  Region.	  The	  material	  
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flow	  Outputs	  and	  particular	  the	  DPO	  indicator	  (Figure	  4)	  is	  completely	  based	  on	  imputed	  data,	  
particularly	   for	   the	   years	   before	   2005.	   For	   those	   years,	   99%	   of	   the	   DPO	   values	   had	   to	   be	  
imputed	   from	   National	   level.	   	   After	   2004	   and	   also	   in	   2000,	   data	   for	   fossil	   fuels	   origin	   CO2	  
emissions	  was	  available	  at	  municipal	   level,	   as	  well	   as	  urban	  waste.	  Also	  urban	  waste	  became	  
available	  at	  municipal	  level	  after	  2007.	  Therefore	  after	  2007	  a	  maximum	  of	  70%	  and	  a	  minimum	  
of	   54%	   of	   imputed	   data	   can	   be	   found	   for	   both	   Stockholm	   Region	   and	   Metropolitan	   Areas.	  
Therefore,	   the	   DPO	   indicator	   accounted	   for	   Metropolitan	   Areas	   and	   Regions	   should	   be	  
interpreted	  with	  caution.	  

The	  uncertainty	   in	   the	  DMI	   indicator	   is	  mostly	  based	  on	  errors	   from	  expert	   judgement	  
evaluation,	  particularly	  at	  a	  country	   level,	   in	  which	   it	  represents	  always	  more	  than	  96%	  of	  the	  
indicator	  weight.	  For	  region	  it	  represents	  between	  55-‐68%	  and	  for	  metropolitan	  areas	  between	  
39-‐72%.	  A	  sensitivity	  analysis	   is	  present	   in	  supplementary	   information	  (Section	  3)	  showing	  the	  
results	  when	  90%	  of	  confidence	  that	  the	  true	  value	  falls	  within	  the	  expert-‐opinion	  range	  and	  in	  
the	  imputations	  error	  is	  considered,	  instead	  of	  the	  99%	  used	  in	  the	  article.	  	  

Errors	   Available	   in	   Report	   are	   still	   a	   small	   share	   of	   all	   the	   MFA	   indicators,	   with	   a	  
maximum	  of	   44%	   in	   the	  DMI	   indicator	   for	   the	  Metropolitan	   Areas.	   The	   share	   of	   this	   type	   of	  
errors	  in	  the	  indicators	  should	  be	  increased,	  since	  this	  is	  the	  most	  reliable	  source	  of	  uncertainty.	  
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Figure 4 – Domestic Material Consumption (DMC) at different scales 
and the associated standard deviations 

<heading	  level	  2>	  Closing	  the	  Material	  Balance	  
Since	  MFA	  is	  based	  on	  a	  material	  balance,	  all	   the	  accounted	  material	   flow	  Inputs	  must	  

equal	   the	  Output	  plus	   the	  Net	  Addition	   to	  Stock	   (NAS).	   In	  most	  MFA	  case	   studies,	   the	  NAS	   is	  
calculated	   by	   subtracting	   the	   DPO	   and	   the	   Exports	   from	   the	   DMI	   (e.g.,	   Browne	   et	   al.	   2011;	  
Barles	  2007;	  Scasny	  et	  al.	  2003)	  or	  it	  is	  not	  taken	  into	  account	  at	  all	  (e.g.,	  Statistics	  Netherlands	  
2009;	  Carlsson	  et	  al.	  2006).	  When	  the	  UMAn	  model	  is	  used,	  the	  NAS	  is	  accounted	  based	  on	  the	  
calculated	   DMC	   (Rosado	   et	   al.	   2014a).	   Therefore,	   and	   with	   all	   the	   flows	   taken	   into	   account	  
(Rosado	   et	   al.	   2014b),	   it	   is	   possible	   to	   calculate	   the	  model’s	   differences	   by	   producing	   a	   final	  
material	  balance	  for	  the	  studied	  region,	  which	  corresponds	  to	  the	  difference	  between	  the	  DMI	  
and	  the	  DPO	  plus	  the	  Exports	  and	  the	  accounted	  NAS.	  For	  the	  Swedish	  Metropolitan	  Areas	  case	  
study,	  the	  previous	  differences	  vary	  between	  0.2-‐12.3%,	  as	  shown	  in	  table	  4.	  	  

Table 4 - UMAn Model Differences [DMI – (Exports + DPO + Stock)] 

	  

<heading	  level	  2>	  Limitations	  
To	   be	   possible	   to	   account	   the	   uncertainty	   in	   MFA	   indicators,	   we	   are	   assuming	  

independency	   between	   points,	   based	   on	   the	   fact	   that	   data	   was	   collected	   from	   different	  
institutions	   that	   have	   different	   ways	   to	   gather	   data.	   More	   research	   it’s	   necessary	   to	   better	  
understand	   if	   the	   variables	   are	   independent	   from	   each	   other.	   It	   is	   also	   assumed	   that	   the	  
uncertainty	  from	  the	  imputations	  has	  the	  maximum	  deviation	  registered,	  which	  is	  probably	  not	  
entirely	  correct,	  but	   in	  order	   to	  account	   for	  uncertainty	   for	   the	  whole	  MFA,	   this	  was	   the	  best	  
available	  option.	  
	  

<heading	  level	  1>	  Conclusions	  	  
A	   comprehensive	   and	   rigorous	   quantitative	   analysis	   of	   the	   measurement	   errors	   and	  

uncertainty	  associated	  with	  MFA	  data	  and	  results	  at	  different	  spatial	  scales	  was	  performed.	  This	  
is	   was	   done,	   by	   applying	   a	   method	   that	   allows	   the	   reconciliation	   of	   different	   sources	   of	  
uncertainty,	   in	   particular	   measurement	   errors	   available	   in	   reports,	   or	   based	   on	   expert	  
judgements,	   imputation	   errors,	   or	   maximum	   errors.	   Results	   show	   that	   the	   DMI	   indicator	   is	  
mostly	   dependent	   on	   errors	   based	   on	   expert	   judgements	   evaluation,	   and	   the	   DPO	   is	  mostly	  
dependent	  on	   imputation	  errors.	  Errors	  available	   in	  reports	  are	  still	   limited,	  and	  the	  access	  to	  
this	  type	  of	  errors	  should	  be	  improved,	  since	  they	  are	  the	  most	  reliable	  source	  of	  uncertainty.	  

The	   data	   availability	   generally	   decreased	   from	   the	   country	   level	   to	   the	   regional,	   and	  
even	   further	   to	   the	   metropolitan	   areas,	   whilst	   the	   data	   measurement	   errors	   increased.	   In	  

!

Region'/'Year' 1996' 1997' 1998' 1999' 2000' 2001' 2002' 2003' 2004' 2005' 2006' 2007' 2008' 2009' 2010' 2011'

Malmo' 7.7%! 10.7%! 8.8%! 9.3%! 9.1%! 12.3%! 8.5%! 5.4%! 7.9%! 6.8%! 9.5%! 1.7%! 6.7%! 5.6%! 2.4%! 1.9%!

Gothenburg' 5.2%! 0.7%! 0.6%! 0.5%! 1.0%! 0.9%! 2.6%! 0.9%! 1.6%! 2.1%! 0.6%! 0.3%! 2.0%! 3.0%! 2.1%! 0.6%!

Stockholm' 2.0%! 0.4%! 0.6%! 1.0%! 3.1%! 1.5%! 2.4%! 0.2%! 2.2%! 3.1%! 1.8%! 1.2%! 0.8%! 3.7%! 3.9%! 2.4%!
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particular,	   the	   regional/urban	   scale	   MFA	   indicators	   have	   higher	   uncertainty	   due	   to:	   1)	   data	  
being	   spread	   between	   several	   institutions	   deploying	   different	   collection	   protocols	   and	  
uncertainty	   assessment	   methods	   2)	   confidential	   values	   3)	   MFA	   at	   urban	   level	   aggregates	  
uncertainties	  from	  more	  sets	  of	  data	  4)	  MFA	  at	  urban	  levels	  is	  more	  dependent	  from	  imputation	  
methods.	  	  

Confidential	   values	  are	   limited	   to	   the	  agriculture	  production,	   and	   therefore	   the	  values	  
had	   to	   be	   imputed.	   Uncertainty	   evaluation	   of	   data	   collected	   by	   different	   institutions	   should	  
become	  a	  standard	  procedure,	  since	  no	  general	  benchmark	  can	  be	  assumed	  and	  the	  data	  may	  
have	  a	  major	  impact	  on	  the	  result,	  which	  is	  the	  case	  with	  the	  regional	  transport	  statistics.	  	  

Due	   to	   lower	   data	   availability	   at	   urban	   level,	   imputation	  methods	   that	   attempt	   to	   re-‐
construct	  the	  missing	  data	  from	  available	  data	  can	  be	  used,	  in	  particular,	  they	  may	  be	  employed	  
if	   the	   data	   is	   missing	   at	   urban	   level,	   are	   accounted	   at	   other	   administrative	   scales.	   Several	  
suitable	  imputation	  methods	  were	  presented.	  However,	  downscaling	  from	  the	  country	  scale	  to	  
the	   urban	   scale	   should	   be	   carried	   with	   care,	   as	   regions	   exhibit	   very	   different	   resource	  
consumption	  patterns.	  	  

Data	  for	  the	  material	  flow	  Outputs	  is	  less	  readily	  available	  and	  is	  more	  aggregated	  than	  
the	  material	  flow	  Input	  data.	  In	  particular,	  the	  data	  on	  industrial	  waste	  generation	  by	  economic	  
activity	  is	  fragmented,	  and	  had	  to	  be	  imputed	  even	  for	  the	  country	  scale.	  Also	  dissipative	  flows	  
had	  to	  be	  imputed	  using	  per	  capita	  ratios.	  Therefore,	  material	  flow	  Outputs	  is	  highly	  dependent	  
on	  imputation	  methods,	  especially	  at	  urban	  level.	  

The	  DMI	  indicator	  is	  characterized	  by	  the	  lowest	  uncertainty	  at	  all	  spatial	  scales,	  whilst	  
the	  DMC	  by	   the	  highest	  with	   larger	   variations	   between	   the	  different	   spatial	   scales.	   The	  DMC	  
uncertainty	   is	   highly	   dependent	   on	   the	   ratio	   between	   Imports	   and	   Consumption	   (DMC)	  
registered	   in	   each	   Region.	   Regions	   with	   higher	   ratio	   are	   more	   susceptible	   to	   have	   larger	  
uncertainty	  in	  the	  results	  

The	  uncertainty	  of	  MFA	  results	  would	  decrease	  with	  the	  availability	  of	  the	  national	  and	  
regional	  level	  databases.	  In	  the	  specific	  case	  of	  Sweden,	  the	  data	  on	  freight	  transport	  by	  rail	  and	  
on	   waste	   produced	   by	   economic	   activities	   at	   the	   regional	   and	   metropolitan	   level	   should	   be	  
improved.	  	  

There	   is	   a	   need	   for	   development	   of	   a	   standardized	   methodology	   to	   account	   for	   the	  
uncertainty	  in	  MFA	  studies	  to	  ensure	  high	  quality	  of	  the	  decision	  support	  information	  and	  allow	  
for	  proper	  comparison	  between	  studies	  conducted	  by	  different	  authors	   in	  different	  countries,	  
regions	   and	  metropolitan	   areas.	   In	   addition,	   further	   development	   of	   imputation	  methods	   for	  
data	   requiring	   imputations	   should	   be	   pursued.	   This	   article	   contributes	   towards	   such	   a	  
standardized	  method	  by	  introducing	  a	  novel	  approach	  to	  evaluate	  the	  impact	  of	  measurement	  
errors	  in	  datasets	  with	  very	  few	  details	  on	  the	  measurement	  errors.	  
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