
PATHFNDR project

ETH Zürich & RWTH



Integration into PATHFNDR4

Technical details3

Case study2

Purpose & main features1



September 23, 2021 3

Life cycle assessmentEnergy systems optimization

• Flexible objective function

• Multi-sector energy demands

• Investment & operation

Holistic assessment of 

environmental impacts

    

     

Reinert et al. SecMOD: A modular framework combining multi-sector system optimization and life cycle assessment. (in preparation)

An open-source framework for optimization & life cycle assessment 
of sector-coupled energy systems
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Industrial sites International Energy SystemsNational Energy Systems

optimal production routes 

in steel plants1

optimal transition pathways & LCA

of national energy systems2

transition of the European 

electricity system3

1 Reinert et al. Ein Open-Source Software-Framework zur Entwicklung emissionsarmer industrieller Energiesystem. December 9, 2020. 

https://www.in4climate.nrw/fileadmin/Veranstaltungen/2020/20201204_Statuskonferenz/Pr%C3%A4sentationen_Session_2/04122020-statuskonferenz-reinert.pdf

2 Baumgärtner et al. Life-Cycle Assessment of Sector-Coupled National Energy Systems: Environmental Impacts of Electricity, Heat, and Transportation in Germany Till 2050. Frontiers in Energy Research 2021;9.

Reinert et al. Environmental impacts of the future German energy system from integrated energy systems optimization and dynamic life cycle assessment. In Computers & Chemical Engineering 2021;153:107406. 

3 In preparation.

Model examples
Framework with flexible resolution

https://www.in4climate.nrw/fileadmin/Veranstaltungen/2020/20201204_Statuskonferenz/Pr%C3%A4sentationen_Session_2/04122020-statuskonferenz-reinert.pdf


2050

   
     

minimize total annualized costs

reduce operational GHG emissions to zero by 2050
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Case study: 
Transition of the Swiss energy system to net-zero emissions

?



September 23, 2021 6

Case study: 
Geographic distribution of energy demand

electricity

private mobility

building heat

industrial heat



electricity

•10 generation technologies

•power-to-fuel

•direct air capture
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Case study: 
Transition of the Swiss energy system to net-zero emissions

building & industrial heat

•5 heating technologies

• industrial heat on three 

temperature levels

private mobility

•5 transport technologies

•fossil- or electricity based

sectors resolution

•148 nodes connected by 

transmission grid

•8760 time steps

• island system

life cycle assessment

based on ecoinvent 3.7.1

Impact categories based on 

Environmental Footprint

operational GHG emission 

reduced to net-zero by 2050

aggregated to 

20 nodes

Reinert et al. Optimization of Regionally Resolved Energy Systems by Spatial Aggregation and Disaggregation. In 16. Symposium Energieinnovation Graz 2020-02-12 - 2020-02-14.

Bahl et al. Rigorous synthesis of energy systems by decomposition via time-series aggregation. In Comput Chem Eng 2018;112:70–81.

aggregated to 120 

typical time steps
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Case study: 
Electricity sector transformation driven by PV & natural gas
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nuclear phase out 

overcompensated by PV

slight increase in

hydro power generation

natural gas combined cycle balances 

seasonal fluctuations

significant additional electricity 

demand for electrification of 

heating sector 
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Case study: 
Net-zero scenario relies on natural gas combined cycle & DAC
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* Deutz and Bardow Life-cycle assessment of an industrial direct air capture process based on temperature–vacuum swing adsorption. Nature Energy 2021;6(2):203–13.

Fasihi et al. Techno-economic assessment of CO2 direct air capture plants. Journal of Cleaner Production 2019;224:957–80.
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Case study: LCA results
tr

a
n
sp

o
rt

environmental impacts 

h
ea

t
el

ec
tr

ic
it
y

to
ta

l 
im

p
a
ct

s 
re

la
ti
v
e 

to
 2

0
1
9

to
ta

l

0%
150%
300%

C
C

O
D

P
M

A
T

F
E

F
E

M E
T IR O
F

E
T

F
H

C H
…

L
U

R
E

R
M

W
S

2050 2040 2030 2019

0%

150%

300%

C
C

O
D

P
M

A
T

F
E

F
E

M E
T IR O
F

E
T

F
H

C
H

N
C

L
U

R
E

R
M

W
S

0%

150%

300%

C
C

O
D

P
M

A
T

F
E

F
E

M E
T IR O
F

E
T

F
H

C
H

N
C

L
U

R
E

R
M

W
S

0%

150%

300%

C
C

O
D

P
M

A
T

F

E
F

E
M E
T IR O
F

E
T

F

H
C

H
N

C

L
U

R
E

R
M

W
S

im
p
a
ct

 r
el

a
ti
v
e 

to
 2

0
1
9

0%

100%

200%

300%

2019 2025 2030 2035 2040 2045 2050

mineral & metal depletion

im
p
a
ct

 r
el

a
ti
v
e 

to
 2

0
1
9

0%

100%

200%

300%

2019 2025 2030 2035 2040 2045 2050

land use

0%

50%

100%

2019 2025 2030 2035 2040 2045 2050

climate change

im
p
a
ct

 r
el

a
ti
v
e 

to
 2

0
1
9

September 23, 2021 10

increase in land use due to 

PV expansion

increase in mineral & metal 

depletion due to PV and 

battery electric vehicles
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Process A

Product 1

Product 3

𝐴 𝑠 = 𝑓

… −1
⋯ −0.5
⋱ ⋮
⋯ 1

𝑠 =

0
0
⋮
1

P
ro

c
e

s
s
 A

Flexible extensibility

Product 1

Product 2

Product 3

Product 2

𝑨 𝒔 = 𝒇

𝑸 𝑩 𝒔 = 𝒉

Life cycle assessment notation

matrix notation allows direct interface 

technology matrix functional unit

specific cost environmental & 

economic cost

Krause et al. Multiple-Energy Carriers: Modeling of Production, Delivery, and Consumption. in Proceedings of the IEEE 2011, vol. 99, no. 1.

Heijungs and Suh The basic model for inventory analysis. In: The Computational Structure of Life Cycle Assessment. Eco-Efficiency in Industry and Science 2002, vol 11. Springer, Dordrecht.

11

Matrix notation of SecMOD



Reinert et al. SecMOD: A modular framework combining multi-sector system optimization and life cycle assessment. (in preparation)

Baumgärtner et al. Life-Cycle Assessment of Sector-Coupled National Energy Systems: Environmental Impacts of Electricity, Heat, and Transportation in Germany Till 2050. Frontiers in Energy Research 2021;9. 

te
c
h
n
o
lo

g
ie

s

production

storage

transshipment

transmission

network topology

transition pathway 

(technology capacities)

operation strategies

economic & environmental 

performance

network parameters

locations & connections;

existing capacities

technology parameters

efficiencies, cost, & 

environmental impacts

nodal time series

demands, import prices, & 

weather/availabilities

optimization settings

objective function

additional constraints
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Main inputs & outputs



Limitations - an incomplete todo list
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sector coupling te
c
h

n
o
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ie
s production

storage

transshipment

transmission

network topology

LCA database

ecoinvent 3.7.1

representing 

non-linearities

no modeling 

user interface

computational 

complexity

exogenous 

demands & 

learning curves

DC load 

flow model

LCA data not 

openly available



Future development & linkage to other tools 
under the PATHFNDR project
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detailed modeling of the 

Swiss industrial & heating sector

WP1: Pathways on a national 

and international scale

WP2: Pathways on a district 

and city scale

WP3: Technology and 

model development

WP4: Test market designs 

for existing technologies

WP5: Test new technologies 

for flexibility utilization
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RESEARCH & DEVELOPMENT
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WP10: Integration and 

Synthesis

integration into Nexus-e to include the 

industrial & heating sector in transition pathways
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