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Motivation
• Low technology readiness level (TRL) technologies:

• Highly uncertain

• Lacking in models and simulations

• Lacking in research

• Relevance:

• Potentials for future energy systems

• Low TRL =

• High design flexibility

• Low invested assets
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Aim
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Inverted methodology – general approach (1)
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Input parameters:
• Demand
• Supply 
• Capacities
• …
• Technology-

parameters:
• Cost 
• Efficiency
• …

Variables & output:
• Capacity 

investments
• Operation time 

series
• Overall costs
• Overall emissions
• …

        

          

    

          

    

         

    

        

               

                         

          

               

Single-objective optimisation framework

Minimise total system cost

Figure from Mutke et al., Influence of bioenergy and transmission expansion on electrical energy storage requirements in a gradually decarbonized 
European power system, Journal of Cleaner Production 2023. https://doi.org/10.1016/j.jclepro.2023.138133 

https://doi.org/10.1016/j.jclepro.2023.138133
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Inverted methodology – general approach (2)
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Input parameters:
• Demand
• Supply 
• Capacities
• …
• Technology-

parameters:
• Cost 
• Efficiency
• …

Variables & output:
• Capacity 

investments
• Operation time 

series
• Overall costs
• Overall emissions
• …

        

          

    

          

    

         

    

        

               

                         

          

               

Single-objective optimisation framework

Minimise total system cost

Multi-

& maximise investment costs
& minimise efficiency
& …

New decision variables

Figure from Mutke et al., Influence of bioenergy and transmission expansion on electrical energy storage requirements in a gradually decarbonized 
European power system, Journal of Cleaner Production 2023. https://doi.org/10.1016/j.jclepro.2023.138133 

Technology 
parameters

https://doi.org/10.1016/j.jclepro.2023.138133
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Inverted methodology – general approach (3)
1. Problem formulation:

a) Chose or define method to solve multi-objective optimisation problems

b) Apply method to inverted methodology

2. Generate set of Pareto-optimal solutions:

a) Chose or define approach to build a Pareto-front

b) Apply approach to inverted methodology

3. Conduct trade-off analysis and further research
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1a) Problem formulation – general method
• Augmented epsilon-constraint method (AUGMECON):

1. Reformulate all but one objective function into 
constraints

▪ Introduce positive constant 𝑐 ≈ 10−6 … 10−3

▪ Introduce positive slack variables 𝑠

▪ Transform inequalities into equations 

2. Give constraints an upper bound 𝜀

3. Optimise only the remaining objective function

11 

𝒎𝒊𝒏 𝒇𝟏 + 𝒄 ∙ 𝒔  𝐬. 𝐭.  𝒇𝟐 +𝒔 = 𝜺

Small scalar

Slack 
variable

Objective 1

Objective 2

Upper bound

AUGMECON based on Mavrotas, Effective implementation of the epsilon constraint method in Multi Objective Mathematical Programming problems, 
Applied Mathematics and Computation 2009. https://doi.org/10.1016/j.amc.2009.03.037
Backbone-implementation by Finke and Bertsch, Implementing a highly adaptable method for the multi objective optimisation of energy systems, 
Applied Energy 2023. https://doi.org/10.1016/j.apenergy.2022.120521

https://doi.org/10.1016/j.amc.2009.03.037
https://doi.org/10.1016/j.apenergy.2022.120521
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1b) Problem formulation – inverted approach
1. Introduce new variable to system: 

▪ 𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐶𝑜𝑠𝑡𝑜𝑝𝑡

2. Insert new quadratical term into cost-describing function: 

▪ 𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐶𝑜𝑠𝑡𝑜𝑝𝑡 ∙ 𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐿𝑃

12 

b) Use term as new constraint:

▪ 𝑚𝑎𝑥 (𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐶𝑜𝑠𝑡𝑜𝑝𝑡 + 𝑐 ∙ 𝑠)

      s. t.  𝑚𝑖𝑛 𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡 − 𝑠 = 𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡

▪ RQ: upper limits for a new 
technologie‘s investment cost

a) Use term in new objective function:

▪ 𝑚𝑖𝑛 (𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡 + 𝑐 ∙ 𝑠) 

    s. t.  𝑚𝑎𝑥 𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐶𝑜𝑠𝑡𝑜𝑝𝑡 + 𝑠 = 𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐶𝑜𝑠𝑡𝑜𝑝𝑡

▪ RQ: lower limits of total system costs 
where new technology is still invested

Find Pareto-optimal solutions
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2a) Pareto solutions – general approach
• Generating Pareto-fronts:

1. Perform two lexiographic optimisations to 
determine single-objective optima as 
boundaries

2. Decide on number and distribution of caps 
(= upper bounds 𝜀)

3. Solve problem for each cap with multi-
objective-optimisation

13 

AUGMECON based on Mavrotas, Effective implementation of the epsilon constraint method in Multi Objective Mathematical Programming problems, 
Applied Mathematics and Computation 2009. https://doi.org/10.1016/j.amc.2009.03.037
Figure and Backbone-implementation by Finke and Bertsch, Implementing a highly adaptable method for the multi objective optimisation of energy 
systems, Applied Energy 2023. https://doi.org/10.1016/j.apenergy.2022.120521

https://doi.org/10.1016/j.amc.2009.03.037
https://doi.org/10.1016/j.apenergy.2022.120521
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2a) Pareto solutions – inverted approach
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Total cost

Invest 
cost

Total cost

Invest 
costTotal cost

Invest 
cost

Total cost

Invest 
cost

Total cost

Invest 
cost

𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐶𝑜𝑠𝑡𝑜𝑝𝑡 = 0
→ 𝑚𝑖𝑛 𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡

𝑚𝑖𝑛 𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐶𝑜𝑠𝑡𝑜𝑝𝑡  
→ 𝑚𝑎𝑥 𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡

𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡 = 𝑖𝑛𝑓
→ 𝑚𝑎𝑥 𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐶𝑜𝑠𝑡𝑜𝑝𝑡

𝑚𝑎𝑥 𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡

→ 𝑚𝑖𝑛 𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐶𝑜𝑠𝑡𝑜𝑝𝑡 

Utopia 
point

Nadir 
point

Caps and Pareto-
points
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General interpretation 
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Total cost

Invest 
cost Utopia 

point

Technology with zero investment 
cost → lowest total cost, highest 

use of technology

0

x

y

Technology so cheap 
that it replaces most 

others

Break-even point, 
technology is 

entering/leaving the 
system

Technology with high 
investment cost → no 

investment option

Without technology 
in the system, total 
cost not affected by 
its investment cost

Feasible 
region

Infeasible 
region

Use of 
technology: 
none, 
constant

Use of 
technology: 
increasing 
top to 
bottom
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First simulations
• Small testing system:

• Backbone

• Objective: 𝑚𝑎𝑥 𝑣𝑖𝑛𝑣𝑒𝑠𝑡𝐶𝑜𝑠𝑡𝑜𝑝𝑡

• Constraint: 𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡 = 𝑚𝑖𝑛 𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡

• Germany, 2050

• Spatial resolution: 1 node

• Temporal resolution: 730h/a
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Conclusion and outlook
• Conclusion:

• Motivation: Potentials of low TRL technologies and their absence in current 
research/energy models

• Aim: Develope novel inverted approach to design low TRL technologies 

• Method: Multi-objective inverse (MOIn) optimisation based on AUGMECON

• Results: Work in progress

• Outlook:

• Iteratively advance method:

• Refine mathematical formulation

• Incorporate more objectives and enlargen system

• Explore potentials and limitations
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