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Introduction
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Background

• The goal of economy -wide 
decarbonisation requires the 
understanding of scenario options and 
technological interactions

• Distributed energy resources can 
both favour diffusion of renewables 
and hinder operation on infrastructure

Research questions

• How do distributed energy resources
impact the energy transfer and vice 
versa?

• How can we better track the 
infrastructure constraints in 
integrated energy system modelling 
( multi- vector, multi- node, multi- s ector)  
at large s cale?



OMNI-ES (Optimisation Model for Network -Integrated Energy Systems )
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Modelling approach

Spatial description Temporal description

Model objective

Bottom -up capacity expansion model
Central planner perspective
Techno -economic optimisation
Linear programming (LP) formulation

Minimisation of the total annual cost:

TAC = �
i

CAPEXi � CRFi + �
i

OPEXi

Lumped nodal s cheme

Multi- node res olution

S naps hot approach:
→ optimis ation over a s ingle target year

Hourly res olution

P. C olbertaldo, F. Parolin, S . C ampanari, A comprehensive multi -node multi -vector multi -sector modelling framework to investigate integrated 
energy systems and assess decarbonisation needs . Energy C onvers . Manag., 29 1 ( 2023) , 11716 8. DOI:  10.1016 /j.enc onman.2023.11716 8



OMNI-ES - Model structure
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Original s cheme of a s ingle 
node:

• 4 energy vectors , with 
network and s torage

• 3 end- us e categories

• Inter- nodal exchanges

• Detailed C O2 balances



OMNI-ES - Model structure: CO 2 tracking and constraint
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Describing energy networks in energy system models
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Energy system models traditionally consider a low number of spatial nodes and adopt a copper -plate assumption within 
each node , limiting infrastructure analysis to energy flow exchanges between nodes (transmission level)

Traditional approach

• No insight on infra -regional exchanges , reverse flow, distribution network congestion

• Underestimation of flexibility needs

Limitations

The OMNI-ES formulation is upgraded to represent the energy network with multiple layers within each node

Proposed solution

For each node:
• Define three levels (representative of HV, MV, LV)
• Allocate technologies according to connection 

options and differentiate investment costs
• Distinguish losses for energy flow exchanges 

between levels and within levels

Expected results:
• Variation of cost -optimal distribution of resources
• Impact of Uplift Cost
• Impact of network upgrades



Modelling the multi - layer structure of energy networks
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The formulation in OMNI- ES  is  extended to improve ac c urac y in modelling the elec tric ity network ( c an be adapted to gas  
grid, hydrogen pipelines , C O2 trans port) .

• Method :  introduc e three layers in cascade for the elec tric ity network, reflec ting the voltage levels  of real- world grids  
( high, medium, low voltage – HV, MV, LV)

• Goal:  as s es s , with a relatively s imple model applied on a c omplex integrated energy s ys tem, the s ys tem behaviour in 
terms  of upward and downward energy flows as  well as  c hanges  in installed capacities



Case study: Italy, Net -zero emissions (2050)
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• Spatial dimension : Italy - Spatial resolution: administrative regions (NUTS-2)
• Environmental dimension: Economy-wide net -zero GHG emissions → target year 2050

• Supply s ide ( optimis ed c apac ity) :  Renewable power generation ( potential bas ed on land, res ourc e, tec hnic al c ons traints )

• Flexibility s ide ( optimis ed c apac ity) :  BES S , Elec trolys is  + H2 s torage

• Demand s ide ( as s igned) :  elec tric ity, hydrogen, gas  ( C H4- H2 blend) , liquid fuels  in indus trial, trans port, res idential&s ervic es
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Case study: Assumptions and data

POLITECNICO DI MILANO Department of Energy - Paolo Colbertaldo 9

• Generation, storage, and consumption may occur at the different levels .

• Medium - and low-voltage levels feature an “internal ” sub -node

o Repres ents the aggregate of s ubs ys tems  that may benefit from s elf- c ons umption of renewable elec tric ity

o Allows to properly allocate losses and favour self -consumption

Lossless
Affected by distribution losses
Affected by transformer losses

HVMVLV

1.8%

1.8%

2.3%

3.5%

5.2%

5.2%

4.7%

2.3%

2.0%

• PV:  rooftop on LV ( higher c apex) , ground on MV and HV ( lower c apex)

• Wind :  on MV or HV

• BESS:  bound to PV on LV and MV, at grid level on HV

• Electrolysis :  on MV or HV

• Los s  values  from c urrent TS O data



Results: Impact of Uplift Cost
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• Electricity upwards exchanges from MV to HV are 
more relevant than from LV to MV

o Consistent with larger share of electric loads in 
MV layer and lower installation costs

• The upward flows rapidly decrease as  s oon as  an 
uplift c os t is  introduc ed ( drop from 10%  to 1- 2%  of 
total elec tric ity c ons umption)

o Average transport fee in 2023: 8.5 €/MWhe

• A plateau for ULC  above 70 €/MWhe , removing all 
upwards  exc hanges  and s tabiliz ing the s ys tem 
c onfiguration ( invariant TAC ) .

• Impact of upward flow c ons traints  on TAC is  
minimal :  1%  inc reas e from null UPL to plateau
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Results: Impact of Uplift Cost
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• No significant changes in total capacities

• Variations in capacity distribution mainly for flexibility 
systems

o 30- 50%  reduc tion of battery and elec trolys is  c apac ities  
in HV layers , balanc ed by growth in MV layers

• S light reduc tion of PV in LV layers , balanc ed by an inc reas ed 
pres enc e of wind plants  in the HV layer, redirec ting the 
s ys tem towards  c onventional downward operation

• Impac t on c urtailment and import is  minimal
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Results: Impact of upgraded network
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Single -layer Multi - layer *
Parameter Baseline Standard grid Upgraded grid

Energy vector total 
consumption

Electricity [ TWhe/y] 684 717 710
Hydrogen [ TWhLHV/y] 177 217 213
Methane [ TWhLHV/y] 107 98 98

Liquid fuels [ TWhLHV/y] 130 130 130

Power generation 
capacity

Photovoltaic [ GWe] 288 347 339
Wind (onshore)[ GWe] 100 144 142

Thermal [ GWe] 11 20 19
H2 production Electrolysis [GW LHV,H2] 49 60 58

Storage capacity
BESS [GWhe] 90 168 158

Hydrogen [ GWhLHV] 4420 5427 5106
Economics Total Annual Cost [b €/y] 87 104.0 102.4

* Uplift C os t:  10 €/MWhe

• The analys is  c ons idered c urrent grid los s es , whic h may improve in c oming years

• A second round of runs is  performed with lower losses ( 1.8%  on eac h trans fer direc tion, c alled “upgraded grid”) :

• minor overall impact ( - 6 %  BES S  c apac ity, adopted only in HV;  - 2%  TAC )

• invariant trend in the s truc ture of flows ( c onventional up- down, with low uplift)



Conclusions
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Tracking multi - layer structure of energy networks
• Impact on configuration and technology choices
• Changes in flow trends , with minor impact of loss values
• Low UpLift Cost shifts flexibility elements to lower level, if at higher capex

Insights to decision making
• Infrastructure can be a bottleneck

• Distributed generation calls for distributed flexibility enablers

• Cost structure of regulated network may affect investment choices

Broader context (to investigate?)
• Multiplicity of stakeholders (prosumers, industrial investors, network management, …)

• Pos s ible extension to other networks  ( gas  grid, hydrogen, …)



Thank you for your attention!
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Data: Techno -economic assumptions
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PV technology Voltage level CAPEX 
[ €/ kWp]

Fixed OPEX 
[ €/ kWp/y] Lifetime [y]

Residential rooftop Low voltage 6 40 8.9 25
Service and industry rooftop Medium voltage 410 7.5 25
Ground -based utility scale High voltage 29 0 7.4 25

BESS technology Voltage level CAPEX 
[ €/ kWh e]

Fixed OPEX
[%of CAPEX/y] Lifetime [y] Energy -to -power 

ratio [h]
Dedicated BESS - LV Low voltage 300 2.5% 15 4
Dedicated BESS - MV Medium voltage 200 2.5% 15 4

Utility -scale BESS - HV High voltage 16 0 2.5% 15 4

Wind technology Voltage level CAPEX 
[ €/ kWe]

Fixed OPEX 
[ €/ kWe/y] Lifetime [y]

MV onshore wind Medium voltage 9 50 42 30
HV onshore wind High voltage 79 0 35 30

Electrolysis technology Voltage level CAPEX 
[ €/ kWe]

Fixed OPEX
[% of CAPEX/y] Lifetime [y] Efficiency [ -]

Medium -voltage electrolysis Low voltage 240 2 20 0.6 5
High -voltage electrolysis High voltage 200 2 20 0.6 5



Case study: Energy vectors demand

POLITECNICO DI MILANO Department of Energy - Paolo Colbertaldo 16

Electricity Hydrogen Methane Gas (CH4-H2) Liquid fuels Total consumption
Sh

ar
e 

on
 fi

na
l d

em
an

d

To
ta

l c
on

su
m

pt
io

n 
[T

W
h/

y]

100%

80%

60%

40%

20%

0%

400

320

240

160

80

0
Passenger 

cars
Light-duty 
vehicles

Aviation Navigation Resid. &
services

IndustryMedium-duty 
vehicles

Heavy
transport



Impact on capacities
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