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RECC_System.ParameterDic
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RECC_System.ParameterDic

vhare'].Values.shape)
hare'].Values.shape)
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TotalStockCurves_UsePhase_p_

Dynamic MFA Modelling
e O®d Background and Examples

MIP_RideSharing_Occu oc,nrr,ntt,mS] + RECC_System.Para

s = (1 - REC - RECC_System.ParameterDict['6_P
* Total_Se ps[Sector_pav_loc,nrr,ntt,mS] * RE

s_Cas = (RECC_ System ParameterDict|[ '6 PR CarSharingShare’ ]|.Values Sector pav oc,o,ntt,mS 100)*(1 - RECC_System.ParameterDict['6 PR_Ri
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Socio-economic metabolism
Energy and material use of society
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Why bother about energy and materials?
* They provide services to people (thermal comfort, transportation, nutrition, ...).
* Thus, they are prerequisites for human well-being (social dim. of sustainability)

* Are related to resource depletion and emissions into the environment
(environmental dimension of sustainability).

* Are the components of all material economic goods and processes (economic dim.)

- No sustainability withouth proper management of materials and energy! 3



Emissions from material production emerge as
major bottleneck to curbing global warming to
well below 2°C

* Emissions from producing

materials have increased
Plastic and rubber  from 5 billion tons CO,eq
10} Wood products i 1995 to 12 Gt in 2015
GJN Other minerals
8 ] gI:::ant e With their share in global
O 5 I Other metals emissions rising
B Aluminium from 15% to 23%.
B Iron

0 * |ron&steel, cement, and
1995 2000 2005 2010 2015 plastics are three largest

contributors

Source: Hertwich, 2019, DOI 10.31235/osf.io/n9ecw



Services need physical input: energy, materials, land, ...

Supply chains
and environmental
Impacts

Supply chains
and environmental
Impacts

Water

Energy

UK household infrastructure service demand

human waste
disposal
(full & reduced
toilet flushes)
textile cleaning
(washing &
water dryingcycles) | @
supply s
6 L
3.5x10 =4
m3 2
personal hygiene
(showers, baths,
& tap uses)
energy 10
hot water
conversion
systems
water to gardening 8
sustenance c
conversion food preparation| &
systems @
electrici @
supplyty kitchen food cleaning §
408 TJ , appliances |_food conservatio
communication entertainment ICT
others
185TJ : [ ght ___ digminabon|
=
..E
9::~ e | §
Su heat
1240 TJ conversion area atavarage |
systems temperature) g
@
I
-

needs & wants

Figure shows household-based services only, scope: UK (e.g., no cooling for thermal comfort).

Source: Knoeri, Steinberger, and Roelich, 2016, DOI: 10.1016/j.jclepro.2015.08.079
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Overarching framework: The material and energy service
cascade (ESC) and the service-stock-flow nexus (SFSN)

Lifestyle = Consumption Energy efficiency Energy carrier Renewables Efficiency
& material & material choice Ore grade

Build-up
Energy and

Material Energy E ion &
I-bei Services, Products/ Siene carrier, e bl Climate imp.
Well-being activities 2 Stocks R conversion g land use
- Operational - aw

materials technologies

Energy and
A, Material
o
dqc’/b \\C\‘\(\%
? Material e’
Production

Sustainability

Source: Bergsdal et al. (2007), DOI 10.1080/09613210701287588; Kalt et al. (2019), DOI 10.1016/j.erss.2019.02.026; Haberl et al. (2017), DOI 10.3390/su9071049



Scientific fields to study energy and material impacts
of the sustainability transformation

Disciplines for studying Key research domains
System Levels energy and material for energy and materials
impacts

[ (1) process or product level j @se-phase energy and material demam:D

Engineering

[ (2) process cluster level ) )

(Y Industrial ecology ()
% Sociometabolic research

(ind ustrial process cluster nptimisatiun)

((3) product life cycle/ material CVC'E) '( Life cycle and material cycle impacts )

Energy system & material cycle
transformation // Systemic impacts:

demand shift, resource constraints

( (4) system level )

Many solutions at the product/technology level ... We study the system effects!

Source: Pauliuk et al. 2022, https://doi.org/10.1016/].iclepro.2022.130997 universitattreiburg -
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Dynamic MFA
Basic principles
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Principle I: The Service-Stock-Flow Nexus

(hedonic/eudaimonic)

Services

(physical) (shelter, mobility, communication, ...)

(homes, cars, infrastructure, ...)

Operational

flows Build-up flows

(energy to operate,
maintenance materials)

(New products to expand stock
and replace old products)

Source: Haberl et al. (2017), DOI 10.3390/su9071049
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Central Linkage: The Service-Stock-Flow Nexus
as part of the Energy Service Cascade

----------

: ' Scenario | Passenger transport Residential buildings
. NGRS _ _
: (S) . communication, connectivity: :X SulriiEe thermal comfort: shelter, heating,
......... ’ driving, passenger*km /yr . demand cooling, domestic hot water
i ' v (GRS,V) ) (inhabitant*m2*yr)/yr
/” Function )
| demand !
. . o . ¢TSI
° Se rvices are I|n ked % split in to pass. vehicles, I Modal split :E % split in to single and multi-
trains, bus, etc. X (t,rnG,5,V) 'y family houses, apartment blocks
M | 1
to wellbeing R T R
- !
. . passengers/vehicle : P(ITf:::V :: 1 (because m2 and not dwelling
° Stocks pr‘OV|de services (occupancy rate) i | (t,c,rG,S,V) :: is reference unit)
¢S ===" *- == :
Intensity °f' % of building are that is

vehicle-km/yr Xoperation ::

heated/cooled

* Materials are needed

(t,c,r,G,S,V) ll
. - N 17
to bU'ld up and malntaln Pass. vehicles: million PrOdUCt
product StOCkS Res. buildings: Mm? StOCkS
(tf rfo S)

&



TJ/yr, to energy balance/ To material
Source: ODYM-RECC v2.2 model docu, DOI 10.31235/osf.io/y4xcy GHG emissions cycle model

~ ~
Pass. vehicles: million | FPrOQQQUCL | ------ - - eeee
— Res. b\ll.l(?ldlicnzz: :4'“m'20n Igloc"il(Ct 'IXT e % | Implemen-
C G tocks : ((‘:":g SPS') , 'tation curve,
': c Scenario (t,r,G,S) '\__'_'__'?'___,' ')f_(f_r?_s_)_ |
model S s :
m “““““““““““ VY- -~ - ---T----Fp----------
m ODYM-RECC ¢==~===~-~-- N pmmmmm———— . [
e Hist. stocks, St?Ck_ :X o : Archetypes
®© (owndyn. 1 (t,crg) | driven ' lifetime | :
I Or~r'r : mOdeI I (c’r’g’S) 'l I ArChetypes:
E Q MFA model) ~--------- 7 Vemeeeeee- I 6 vehicles types
= -
Pass. vehicles: : , 6 (9) building types
ﬁ Pass. vehicles: million Product Product million/yr, 1 3 versions:
/yr,
stocks flows :
A > Res. buildings: Mm? (terg.S) o Res. buildings: : : present, future baseline
| no AL Al Mm?/yr 1 future RE max. potential
== i N == === !
4 S 1 Intensity of' |« Material ! l’,'? ey
x m Indices/aspects: t: time, "Xoperation , 'composition, : ' 11X Material !
u : C: age_cohort’ I (t c, g, S V) ' I (m c,rng, S) " """""""""" ‘_"r":':composrtionll
O r: region, ""‘;k-" ----- ¥ - :L-ET_r.gf)_ ::4‘—:'
g mm———— L e S_SSC_SL_SS_S_SL_SLS O |
ofd m G: commodity group + Energy ! : : :.'X Energy ::8
: L 2 A PO R Y 0
(V,) N g: good/commodity/product, ‘ ('gtreg";'t/‘g < T :: I?rtgnssv:)y G
o ! S: scenario(SSP, RE), S R S
(& ) 7, V: service category, e _ér_ner_g_y_ » : : X Energy :: O
. 1 - 1
n: ener carrier, ) . ZEEE Ty B P TR P PP E TP PPRPP o 1. carrier 5p||tI
5 enerey ¢ oy !
C 5 m: material | f‘if? SN AN el
(@ ) to: startlr?g time of ¥k v ;
o >. prospective assessment (2015) Energy Material I
- ( , (*, 1/): Parameters combined flows stocks & flows :
Q. by multiplication/division. (t,rg,S,V,n) (m.ben9,3) !
|
|
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Historic and suggested future per capita stocks
based on stock saturation hypothe5|s

, 12 J
a) Per camta stock by reglon § / -Products b) Global average per capita

—
3

Legend: right side I Construction stock by end-use sector

101 L IMachinery
B Transportation

"
N

N
N
T

== North America
8| = Latin America
- \Western Europe
—CIS

Africa
| =——Middle East
= ndia
== China i
—— Developed Asia/Oceania | |
Developing Asia i

-
o

Stock in tons per cap.
Per capita stock in tons.
()]

Scenario

0= ——— L I I I 0
1900 1925 1950 1975 2000 2025 2050 2075 2100 1950 1975 2000 %025 2050 2075 2100
Year ear

2B UNIVERSITY OF

bodd bbb
i it

¥ CAMBRIDGE
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Principle II: In-Use-Stock Dynamics
— Three Central Equations

Input of any given year T I
I

1. Lifetime model:

2. Use phase mass balance:

3. System mass balance:

Output of vintage year T over time

O

Process O
AS!

o) =Y 1(r) pft-o)

1(t) =AS(t)+O(t)

Primary production P(t) = AS(t) + L(t)
(L: total losses)
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Circular economy - Material consumption and stock expansion

2
C‘ 100 T I I T T | —
From the mass balance 2 - —
/;\ N
of the use phase, £ a0f e |
one finds that the final <
material consumption | =~ 60
always has two components: %
replacement of outflow o 40 \
. = — —
O and stock expansion AS: ¢ AS / | <
£ 20}
=
— (@)
I=AS + O o = China = Brazil —  Germany |
X OH— India = Mexico == UK '
O 2 Iran ltaly USA
I PI'OCGSS q‘f ~20 Indonesia Spain Japan
© | Egypt Turkey Sweden |
— AS — v i T i T | | |
[ | ) £ 1970 1975 1980 1985 1990 1995 2000 2005
Year

N
UNI
FREIBURG

Source: Pauliuk (2018), DOI 10.1016/j.resconrec.2017.10.019



Circular economy - Primary production and stock growth

me= PRIMARY IRON '
Losses in waste magt.
Losses in obsolete stocks

1000

I
|

At the global scale, a entire

material cycle has the following 800 | Losses in steel slag

Other losses, incl. dissipation
EXPANSION OF STOCK

mass balance:

P=AS+L 600 |-

Primary production P is either
replacing system-wide losses L or
contributing to stock expansion
AS.

400 |-

200

AS

0 | | | | |
1950 1960 1970 1980 1990 2000 2010
Year

Primary steel production and losses, global, Mt/yr.
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Source: Pauliuk (2018), DOI 10.1016/j.resconrec.2017.10.019



Principle I1I: Mass-balanced material cycle modelling
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Which level of detail?

So-called ,aggregate demand High-resolution process modelling
modelling’ translates proxies for
Primary Copper - Smelting

wellbeing, e.g., GDP, directly into G G

). Blending System 21. Conc. Drr,' W ke Sy
e nanw

energy demand via parameter — oo = el =" Vg
equatiOnS. PEESEDL v aos E D %

:m' = orp— - 22.FSF -
Driver: GDP Demand module of energy Result: Energy use — s vy :
4 system/integrated assessment > B R ey ﬁ L= ﬁ""
from scenario model per final service I|”~ s P ar.sHomoval 28 AP O remoill " °
(transport, housing, ...) podls -, ool R Ay
' 57 S o g P e Lot RF AT
P Lo s Cotew 2t 34, Slag Cooling g 7
o Faaiia :h,“_s].q n“;v:f;- r-;; SV;‘;—G":;.W ~ 3-0 5nodo Casting - PCu . o

" W AC . -
a S . - 4 Comet At "
g L 19 G Sy e i R Ny g - 0 Camotes
O™ M By Qg 00 e AC % On W Eomee e rage
- % 5 Comve w (X v
R ~ R )

—_—
Mrgn W Fmon # - 31. Electrorefining plant - PCu

e e . et Gt

Compromise in material flow analysis (MFA):
 Consider aggregate processes and conversion parameters (see example above)
* Respect mass balance for all relevant chemical elements individually

Source right side: Reuter, M.A,, Schaik, A. Van, Gutzmer, J., Bartie, N., Abadias-llamas, A., 2019. Challenges of the Circular Economy : A Material , Metallurgical ,
and Product Design Perspective 253-274.



Lifetime of steel in the techno-sphere: 250-300 years

Source: Pauliuk (2018), DOI 10.1016/].resconrec.2017.10.019

Year
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Circularity

Source: Klose and Pauliuk (2021), DOI 10.1111/jiec.13092

Life cycle perspective: The example of copper

Material efficiency strategies’ impact on lifetime in the technosphere (longevity)

And the average number of product life cycles (circularity)

N
un
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System-wide material and energy efficiency in global steel cycle

3'5c) The global 3.5
steel cycle
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mmmmm BASELINE
I Energy efficiency industry
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Global mean temperature increase about pre-industrial level (°C)
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Source: Milford et al. DOI 10.1021/es3031424



Dynamic MFA
Dynamic stock modelling: Basics
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System variables and parameters

>

Process with ID,
stock, and
stock change

Stocks, stock changes, and flows together form
the system variables.

Stocks: S,(t), S5(t).

Stock changes (net addition to stock): AS,(t), AS,(t).

Flows: Fo,(t), F15(t), Fyo(t), Fas(t), F34(t), Fe(t)

A parameter is an additional variable that couples
different system variables through equations:

For example:

F,5(t) = k(t) - Fp,(t)
AS,(t) = (0.15 + 0.01-t)- F,,(t)
AS3(t) =

UNI

FREIBURG



Process and system balances

>

Process with ID,
stock, and
stock change

For mass, energy, sometimes monetary values,

the process and system-wide balance holds:

Input — Output = Net Stock Change

Process 1: Fy,(t) + F5,(t) - F,(t) = AS,(t)
Process 2: F,(t) - F5(t) -Fo(t) =0

Process 3: F,5(t) - F5,(t) - F5o(t) = AS5(t)
System:  Fy(t) - Fyot) - F5o(t) = AS,(t) +AS5(t)

For a fully quantified system:
#System variables = #balance equations

+ #parameters
+ #Measurements

UNI
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Performance indicators

>

stock, and
stock change

Process with ID,

A major advantage of an explicit system definition
is the clear definition of performance indicators.

Efficiency n(t) = useful output (t) / total input (t)

Process 2: n,(t) = F,,(t) / F1,(t)

Process 1: n,(t) = F1,(t) / Fo(t) OR n4(t)
= Fpp(t) / (Foyt) +F3(t)

System:  n¢(t) = F,,(t) / Foqlt)

Emissions/waste intensity b = waste / useful output

OR waste / total input

UNI
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Population balance model

Process

%

SO _ -0

dt

S(t)zjdz(:)df

The mass balance equation dictates
The following relation between
Inflow, outflow, and stock change
of a process:

This relation applies to all processes
with a conservation law.

Non-conserved quantities can be
adopted: For a population of
individuals, | is the birth rate

and O is the death rate.
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The leaching model

I O Applications:
Process e Radioactive decay
AS * Leaching from deposits of pollutants
ﬂ or nutrients (landfills, tailings, soil)

O(t) —C-S (t) * Simple to apply

* Only works for processes with
no ‘internal memory’: probability
of an item leaving the stock is
If no further inflow (I(t) = 0), the stock independent of its residence time.
decays exponentially: S(t) = S,-exp(-c-t)

At any given time, the outflow is
proportional to the total stock present.

Van der Voet, Kleijn, et al. (2002): “Predicting future emissions based on characteristics of stocks*, Ecological
Economics, DOI 41 (2002) 223234 https://en.wikipedia.org/wiki/Leaching model (soil)
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https://en.wikipedia.org/wiki/Leaching_model_(soil)

The impulse response function

The impulse response, or impulse response function (IRF), of a dynamic system is its
output when presented with a brief input signal, called an impulse.

1 Process O
I e | B

The impulse response function of a process with a stock is the outflow O(t) as response
to an instantaneous inflow 1(0) = |, at time t = 0.

o)

G 1
I (t) ot HIE— Impulse-Response Function
e | RN
i ?04—
3 ________________________ ‘QD‘O.:%*
o T H I— — %0'2_
Eo1-
1 ........................
0.0 == e e T —— —
| I I [ [ I I
a : 0 1 2 4 8 12
b [atr]
R L
) 0 7 P
| 2
https://en.wikipedia.org/wiki/Impulse response http://www.thefouriertransform.com/math/fnt2.gif __E_
zn:
= T

http://www.alexchinco.com/wp-content/uploads/2015/11/plot-cpi-arl-irfl.png



https://en.wikipedia.org/wiki/Dynamic_system
https://en.wikipedia.org/wiki/Dirac_delta_function
https://en.wikipedia.org/wiki/Impulse_response
http://www.thefouriertransform.com/math/fnt2.gif
http://www.alexchinco.com/wp-content/uploads/2015/11/plot-cpi-ar1-irf1.png

Types of impulse responses

o Delayed response
Oscillating Y Output P

15 T T T T T T T T T
0.08
0.06
0.04
= 002
0
—0.4 -
-0.02 3
0.3 —
= -
g
_004 L L = 0.1 -
0 2 4 6 e eesssass l ,
0 1 2 4 8 12
=
https://www.researchgate.net/profile/Marco Broccardo2/publication/283683880/figure/fig2/AS:399452046151684@1472248197847/Fig-8-Impulse-response-function-white-noise-input.ppm g
http://www.mbfys.ru.nl/~robvdw/DGCN22/PRACTICUM 2011/LABS 2011/ALTERNATIVE LABS/Lesson 12 18.png _EE_
= T

http://www.alexchinco.com/wp-content/uploads/2015/11/plot-cpi-arl-irfl.png



https://www.researchgate.net/profile/Marco_Broccardo2/publication/283683880/figure/fig2/AS:399452046151684@1472248197847/Fig-8-Impulse-response-function-white-noise-input.ppm
http://www.mbfys.ru.nl/~robvdw/DGCN22/PRACTICUM_2011/LABS_2011/ALTERNATIVE_LABS/Lesson_12_18.png
http://www.alexchinco.com/wp-content/uploads/2015/11/plot-cpi-ar1-irf1.png

Response to an addition to stock: Age-cohorts and lifetime

Two types of response are commonly considered in dynamic stock modelling:
 Delayed response
* Decay

The response of the stock is linear: The responses to different input pulses
are simply added up.

(analogy: The sound of an orchestra is the superposition (‘sum’) of the sounds
of the different musical instruments.

Contrary: distortions added to guitar sounds in rock music

fait) fait] faft) fait]
B : B . B : B .
4
3

----------- e T S e [ | B T § S . ( )
,,,,,,,,,,, AN S S [ N AN (RN I
o S— Lo ] — {— o S— Lo ] — {—
0 f 0 f 0 f 0 f
1 1 1 1 1 1 1 1
2 0 : 0 2 2 0 : 0 2 0.5 1 05 1 05 1 0.4 1
t t t t

UNI
FREIBURG



Response to an addition to stock: Age-cohorts and lifetime

For linear dynamic stock models (standard situation)

 Each input to stock can be traced separately, and the fraction of the stock
that origins from a given input at time t is called the age-cohort (of) t.

 The different age-cohorts can be traced separately (individually).

g o) \\ \\
(7 %Q’ (" C C /(JO ,(_‘O
ve s ?9? ¥e v?oe ?906 v?oe v?oe
e —— /\ /\ /\ /\
EI.I5 1I D_IE 1I D.IE 1 0.4 1
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Response to an addition to stock: Age-cohorts and lifetime

The average lifetime T of an age-cohort is defined as the average residence time
of the age-cohort in the stock. S

Plot: Stock (t) after
initial inflow at t=0.

T == [s(dt
SO 0

0

Mass of material

0 T 2T 3T 4T T 5T t 6T

Read plot vertically: for each time t the stock at t is indicated.

Read plot horizontally: for the different fractions of the stock the total
lifetime is indicated, sorted from shortest (top) to longest (bottom).
From combining both perspectives the average lifetime can be derived.
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Fixed and distributed lifetimes

For a delayed response to an inflow (e.g. duration of product use) to cases are distinguished:

(1)

L

Fixed 4
Product

lifetime 1
Distributed
Product

lifetime |

fa

it

o(t)

fait
L flmemeeeee
o — ]
0 ;
K H
-2 0
t

O(t)

—

180

For fixed product lifetimes the

entire age-cohort leaves the stock
together after the lifetime T has
expired. For the distributed lifetime
the different fractions of the age-
cohorts leave the stock with different
Probabilities, so that the average
lifetime (expectation value) equals T.

Cutput
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Solving dynamic MFA systems: (Linear) difference equations

Idea: Level of system variable x at time t is determined by previous states:
X(t) = a;x(t-1) + a,-x(t-2) + ... + a_-x(t-n)

Example:

...........................................................................................................

Growth in demand:

a Process 1 b Process 2 C b(t) = (1+a)-b(t-1)
S,, ASZ*

Scrap flow, fixed lifetime T in S,:

d  d(t)=Bb(eT)

UNI
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Solving dynamic MFA systems: (Linear) difference equations

To solve the example we need a complete set of starting values for t = 0.

_______________________________________________________________________________________________________

A [Procesi] b [Procesz] © Starting values: b(0) =B, b(t<0) =0

_!-) > S,, AS, —'—)
——— Model solution:
T d b(t) = (1+a)"B
System e Growth in demand: a(t) — (1+(1)t'B (f t<T) and
equations: P(t) = (1+a)-b(t-1) LR . Q. T,
a * Scrap flow, fixed lifetime T in S,: (1+a)"B - B-(1+a)™"-B else
d(t) = B-b(t-T) c(t) = O(f t<T)and (1-B):(1+a)tT-B else
e Mass balances: S,(t) = ((1+a)+(1+a)"+...+(1+a)tT) - B
a(t) + d(t) = b(t) (fort>=T)
b(t) = c(t) + d(t) 2
https://en.wikipedia.org/wiki/Linear difference equation _gé_
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Solving dynamic MFA systems: Differential equations

In many practical cases the system equations of a dynamic MFA model can be formulated
as differential equations, which are equations that have the derivatives of the stocks and

flows as variables. dX
— 7. X
at

Basic example: Exponential decay or growth of a system variable X:

I Process Of which a solution is
AS
_ y-1
— X(t)=X,-e
For y<0: Exponential decline, e.g., For y>0: Exponential growth, e.g.,
slowly decaying stock (‘leaching model’) Exponentially growing consumption

S(t) =S, -e " I(t)=1,-e"
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Solving dynamic MFA systems: Logistic growth

To curb the exponential growth the growth term can be limited as follows:

d_S =7-S .(]__ S) Of which a solution is = L

dt 1+e™
f(x)
I\
More general: - Carrying capacity
A / ............. _
dS S f(x) - +?ae "
_— b o S o 1— R — — :

dt C

PI’OCCSS (.Ov : ) Point of maximum growth
AS ! \ Initial value of population
- =X

\

https://en.wikipedia.org/wiki/Logistic function
https://s3-us-west-2.amazonaws.com/courses-images-archive-read-only/wp-content/uploads/sites/924/2015/11/25202016/CNX Precalc Figure 04 07 0062.jpg
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Dynamic MFA
Inflow-driven modelling
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The inflow-driven model: Research questions

In-use stocks of buildings, vehicles, and infrastructure
provide services to people and are a central determinant
of sustainable development.

For many stocks, in particular,
material stocks estimates are
not available.

Material stocks can be determined

a) ‘bottom-up’: from building and vehicle statistics
and product-specific material content data

b) ‘top-down’: from aggregated consumption data and a lifetime model

DOI 10.1016/j.gloenvcha.2013.11.006

[ ST (S
3 | ey J-"F

-

g
r-l‘"L i—-l'l'-l
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Applying the inflow-driven model to estimate in-use stocks

System definition: Import 1 Export E

Manu- Global Use phase

. Stock
facturing Production P markets Outflow O
; A t change AS !
; 3> aren g _*

consumption C

1) Determine apparent consumption: C=P+I1-E
t

2) Apply the convolution: Oo(t) = JC(T) -pdf (t—7)d~r
Iy

3) Determine stock change AS(t) =C(t)-0(t)

t
4) Determine stock S(t) =S(t,) + jAS (r)dr
[
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Product lifetimes in the inflow-driven model

Lifetime data are obtained or have to be inferred from surveys, statistical records, and
Anecdotal evidence (newspaper report, blog entries, Wikipedia).

OBSERVATIONS

SURVIVAL FUNCTIONS
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GOODNESS OF FIT
(AIC)

[ Weibull: mean=15.1
SDh-=78

Lognormal: mean=15.5

. SD.=105

o [Normal:  mean=15.1
L S5D.=8.0

189

I Weibull: mean=13.6
e S.D.=5.4

Mormal. mean=13.6
8.D.=56

Lognormal: mean=14.0
@ SD.=8.1

Miiller et al. (2007): Service Lifetimes of Mineral End Uses. Report supported by U.S. Geological Survey (USGS), award number 06 HQGR0174
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Product lifetimes in the inflow-driven model

Lifetime data are scattered across the literature and often show large variations:

* NIES (Japan) lifetime database: http://www.nies.go.jp/lifespan/
* Consumer goods and vehicles: Miller et al. (2007): Service Lifetimes of Mineral End Uses.
Report supported by U.S. Geological Survey (USGS), award number 06HQGR0174
* Product lifetime data in the industrial ecology data commons (iedc):
https://www.database.industrialecology.uni-freiburg.de/ search for “3_LT” datasets

Normal, Gamma, Exponential, and Weibull distributions are commonly applied to model product lifetimes.

Probability Density Function

05

oo L 5.
Normal Distribution 1 k=10,8=20
Lognormal i
1 k=20.8=20
A=0 96 44% 04 H k=30.8=20
68.26Y | k=50.8=10

03 k=9.0.8=05
Weibull 3 k=75.8=10

= A=1 k=05.8=10
02
Gamma
Expfne_ntial 0.l dIStrIbutIOI’]
A=o0=0 13.59% 3413% | 34.13% | 13.59%
- S~ AN
- 0 - e
0 Time (t) 200.00 - . 0 + ® 0 2 4 6 % 10 12 14 16 18 20
http://reliawiki.org/images/thumb/a/a5/WB chpl2 pdf.png/400px-WB chpl2 pdf.png
https://i.ytimg.com/vi/xgQhefFOXrM/maxresdefault.ipg T2
=)

https://upload.wikimedia.org/wikipedia/commons/thumb/e/e6/Gamma distribution pdf.svg/325px-Gamma distribution pdf.svg.png
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https://i.ytimg.com/vi/xgQhefFOXrM/maxresdefault.jpg
https://upload.wikimedia.org/wikipedia/commons/thumb/e/e6/Gamma_distribution_pdf.svg/325px-Gamma_distribution_pdf.svg.png

Implementing the inflow-driven model

In Excel: The pdf can be generated using NORM.DIST, the rest is a standard Excel computation.

In Python: via the dynamic_stock_model functions:

TestDSM = DynamicStockModel (t = np.arange(l,11,1), 1 = np.arange(2.5,12.5,1),
1t = {'Type': '"Normal', 'Mean': np.array([5]), 'StdDev': np.array([1.5])

Stock by cohort, ExitFlag = Stock by age-cohort

TestDSM.compute s c¢ inflow driven ()

O C, ExitFlag =

TestDSM.compute o ¢ from s c()

- Applied in IEooc_Methods3_Exercisel (Excel)
and IEooc_Method3_ Softwarel (Python)

https://www.industrialecology.uni-freiburg.de/teaching

age-cohort

6
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Dynamic MFA
Stock-driven modelling
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The stock-driven model for determining inflows

To build scenarios for the future development of material cycles, one can

e Extrapolate or assume future consumption levels and then calculate the stocks and the
services provided.

* Extrapolate or assume future service levels, infer the stocks required to deliver them,
and calculate the inflows required to expand and maintain those stocks.

The latter approach is often more realistic, as it allows us to link the actual outcome of
economic activity, service provision, directly to the socioeconomic variables providing
those services, stocks.

The research question is then:
How large is the inflow needed to maintain and expand the in-use stock so that it
fits a given scenario?

The method that answers this question is called stock-driven modelling.

Miuller (2006): Stock dynamics for forecasting material flows. DOl 10.1016/j.ecolecon.2005.09.025
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Applying the stock-driven model to estimate in-use stocks

O

System definition: I
Process

%

Mathematically, the determination of an inflow from an outflow is the inverse of the
convolution operation used for the inflow-driven model.

As the convolution involves the calculation of average values, its application to functions
in general leads to a loss of information.

That means that the original signal (or inflow) can be reconstructed from the filtered signal
(the outflow or stock) only in special cases.

In dynamic MFA such a special case is given if the age-cohort composition of the initial stock
is known or that stock is zero.
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Procedure of the stock-driven model to estimate in-use stocks

System definition: I Process

%

Recursive procedure: Starting in the first model year, repeat the following steps for each year:
1) Calculate the outflow from the existing stock using the convolution of historic inflows:

o(t) =j|(2')- odf (t—7)dz

2) Calculate the gap AS(t) between the actual stock and the remaining stock (S, = 0):
t t t 7
AS () = S, (1) = S(1) = So (1) — [ (1(2) ~O(2))d 7 = S, (1) - [I(z)d = = [ [ 1(6) - pdlf ( —6)d &
ty t bl
3) Set the inflow to fill the gap AS(t), where T is the time step of the model (e.g., 1 year):
(1) =AS@)/T

UNI

Then repeat from step 1.
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Practical exercise: a simple dynamic stock model for the vehicle fleet

5
6
7
8
9

S EXENCEENENEN
2 4 4 0 O O o0 O
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0
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4

Efficiency (CO,/km)

6

stock-driven model, fixed product lifetime: 3 years
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240 CO,/yr = 4 cars * 10 km/yr * 6 CO,/km

261 CO,/lyr = 4 cars * 9 km/yr * 6 CO,/km
+1car *9kml/yr*5 CO,/km
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Practical exercise: a simple dynamic stock model for the vehicle fleet
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Practical exercise: a simple dynamic stock model for the vehicle fleet
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Practical exercise: a simple dynamic stock model for the vehicle fleet
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Practical exercise: a simple dynamic stock model for the vehicle fleet
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The stock-driven model for determining inflows

The stock-driven model is the inverse of the inflow driven model:

* The inflow computed by the stock-driven model is identical to the original inflow.
 The stock computed with the inflow-driven model is identical to the original stock.

Be creative with the initial stock!

 Use stock obtained from inflow-driven model to apply stock-driven model from

a time when there were virtually no stocks.
e |f the original stock age-cohort composition is unknown, the leaching model

can be applied to S,.
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Implementing the stock-driven model

In Excel: Possible but a bit cumbersome. See [Eooc_Methods3 Software9 for an implementation.

In Python: via Jupyther notebooks, e.g., [Eooc _Methods3 Softwarel

See section Methodology 3: Dynamic Material Flow Analysis of the IEooc

TestDSMX = DynamicStockModel (t = np.arange(l,11,1),
s = np.array ([ 2.5, 6. , 10.5, le. , 22.5, 27.5, 32.5, 37.5, 42.5, 47.5]),
1t = {'Type': 'Normal', 'Mean': np.array([4]), 'StdDev': np.array([1.0]) 1})

Stock by age-cohort

0
S C, 0.C, I, ExitFlag = TestDSMX.compute stock driven model

O, ExitFlag = TestDSMX.compute outflow total () 2
DS, ExitFlag = TestDSMX.compute stock change () )
Bal, ExitFlag = TestDSMX.check stock balance () 2

- Applied in IEooc_Method3_Softwarel (Python)

https://www.industrialecology.uni-freiburg.de/teaching age-cohort
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Application:
Implications of low demand scenarios
In the global bulding stock - materials

and energy

Stefan PAULIUK?, Fabio CARRER?, Niko HEEREN?, and Edgar G. HERTWICH?
1) University of Freiburg, 2) NTNU Trondheim, Norway
October 2024



Motivation

- Residential and non-residential buildings are a major contributor to human wellbeing.

- Buildings cause 30% of final energy use, 18% of greenhouse gas emissions, and about 65% of

material accumulation globally.
« With electrification and higher energy efficiency, material-related emissions gain relevance.

« The circular economy (CE) strategies, narrow, slow, and close, together with wooden buildings,

can reduce material-related emissions.

- Comprehensive set of building stock transformation scenarios for ten world regions until 2060,
using the RECC model of the stock-flow-service nexus, including low energy and material demand

futures (LEMD: Values from Grubler et al. (2018) study)

universitatfreiburg



System definition of the RECC model (resource efficiency and climate

change mitigation)

RECC v2.5: Major material cycles for
residential and non-residential buildings.
Global coverage in 11 countries & 9 aggregate

Material
Content
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Scenarios
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Main driver: per capita floorspace for residential and non-res. buildings

Table 1: Central parameters for the stock-flow-service nexus of the use phase: Initial and future service level
(per capita floorspace) for the different socio-economic scenarios, and the typical building lifetime. Building
lifetime can vary across age-cohorts and here, typical values are indicated. Region and scenario acronyms are
defined in the text.

2015 per 2050 per capita stock, m?, Typical Building lifetime (yr)
capita stock (m?) LEMD / SSP1 / SSP2
Regions residential | non-res. | residential non-res. residential non-residential
SSA 11.4 0.8 19.4/26.9/33.4 7/10/12 50 45
LAM 344 3.0 30.3/34.4/44.3 7/10/12 50 45
EU UK 37.7 12.5 31.2/40.1/46.2 12.8/16.1/20 100-180 60-80
China 36.1 10.8 31/40/50 13/16/20 27-40 30
India 11.7 0.8 25/28.7/38.1 7/10/12 50 45
Other_Asia | 20.8 2.6 29.4/34.3/39 7.5/10.5/12.6 | 50 45
MNF 24.6 8.3 29.6/38.9/43.6 9/12/15 100 45
REF 23.5 5.9 29.5/38.9/43.5 9/12/15 120 60
Other_OEDC | 38.0 6.5 30.5/39.9/44.5 | 9/12/15 100 50
USA_ CAN 66.8 24.1 42.5/66.8/83.7 18/26/30 110 45
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Stock and cumulative flows, global, 2020-2060

(a) Residential buildings, global
In-use stock by region, year, and scenario

cumulative flows,

200 stock over time
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(b) Non-residential buildings, global
In-use stock by region, year, and scenario
140 4 stock over time
USA_CAN EMD-55P1-55P
120 - 2020 2060 ROEED—Oth 1254 ;SPl 1 2 range
MNF —— pre 2020 age-cohorts
100 + 100 - pre 2020 age-cohorts
NE Asiaom NE --= 2020 stock level —_— NE
g 80 1 India c c
o Q o
= 60 — e — =
B China o] 50 =}
40 1 — EU UK _
AR 25
20 1
SSA 0 T T T T T T T
0 - 2020 2025 2030 2035 2040 2045 2050 2055 2060
S5P1, LEMD, SSP1, SSP2, Year
2020 2060 2060 2060

universitatfreiburg

2020-2050
[ s5P1
_ LEMD-S5P1-
S55P2 range
200 A
100 - =
0 -
& &
< &
<& o
LO
cumulative flows,
2020-2050
[ s5P1
LEMD-55P1-
100 4 T SSP2range
75 - J_
50 -
—-
25
0 -
o= R
(o(})o 0_\\00
00‘} be'&
L&

60



Cumulative material flows, global, 2020-2060

(a) Material _Flows Cumulative_Global 2020-50
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(b) Demand_Primary_Production, cumulative 2020-2050
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Use phase energy demand, global, 2020-2060

SSP2, energy demand, use phase, by scenario, Global

residential blds.

non-residential blds.

2020 2030 2040 2050 2060 2020 2030 2040 2050

year

universitatfreiburg

B electricity
e coal

I heating oil

B natural gas
B hydrogen
mm fuel wood

year

2060

NoNewClimPol,

EJfyr

LEMD, energy demand, use phase, by scenario, Global

residential blds.

non-residential blds.

2020 2030 2040 2050 2060 2020 2030 2040 2050 2060

year

B electricity B natural gas
e coal B hydrogen
B heating oil mm fuel wood

year




GHG time series by sector and region
GHG_Stacked LEMD_ Global

14000

total (+ forest sequestr.)
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GHG reduction and scenario dependency

GHG, system-wide, cum. 2020-50_Global
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Decomposition

(a) Global aggregate

analysis of Scope 1+2 and Scope 3 GHG

Energy-GHG per capita = e | e
(Scope 1 + 2 emissions) GHG per final energy  * Final energy per stock * Stock per capita *  Inflow per stock + material intensity of inflow
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(b) India
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(c) USA and Canada
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Summary and outlook

2020-2050 global cumul. new construction ranges from 150 to 280 billion m2 for residential
and 70 120 billion m2 for non-residential buildings. LEMD reduces cumul. 2020-2050 primary

material demand from 80 to 30 gigatons (Gt) for cement and from 35 to 15 Gt for steel.

Lowering floor space demand by 1 m2 per capita leads to global savings of 800-2500
megatons (Mt) of cement, 300-1000 Mt of steel, and 3-10 Gt CO,-eq, depending on industry

decarbonization and CE roll-out.

CE reduces 2020-2050 cumul. GHG by up to 44%, where the highest contribution comes

from the narrow CE strategies, i.e., lower floorspace and lightweight buildings.

Very low carbon emissions trajectories are possible only when combining supply and

demand-side strategies.

- Assess economic implications of LEMD! // Connect sector-level scenarios at the city scale!
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Thank you for your attention!

Contact information:

Stefan Pauliuk

Faculty of Environment and Natural Resources
University of Freiburg

Tennenbacher Strasse 4

D-79106 Freiburg, Germany

stefan.Pauliuk@indecol.uni-freiburg.de
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