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Abstract. This paper investigates integrated energy system (IES) concepts to support the sus-
tainable transformation of the Swiss Rhine inland port of Basel-Kleinhtiningen (KLH) towards
high self-sufficiency and near-zero greenhouse gas (GHG) emissions by 2035. Starting point
is a current energy demand of 9.9 GWh/a and GHG emissions of 1’557 t CO2eq/a where 55%
of the emissions stem from fossil fuels for land-based mobility and 17% from fossil-based heat-
ing while electricity-related emissions are low. The technical potential of photovoltaics (PV) is
assessed, indicating that local PV generation could cover a substantial share of port demand,
especially when combined with battery storage, Power-to-Heat and local grids.

A comprehensive model of the port energy system is developed and implemented in the
software Sympheny, representing multiple hubs, sector coupling (electricity, heat, mobility),
storage options and network interconnection. Using mixed-integer linear optimisation with
hourly resolution, different IES concepts for 2035 are generated which minimise a combination
of life-cycle costs and annual greenhouse gas emissions.

The preliminary results feature extensive electrification of mobility and heating, phase-out
of gas and oil boilers, and significant PV expansion combined with battery storage. Compared
to the current state, total GHG emissions are reduced by 82—-97% and energy imports by 39—
44%, with electricity autarky rises to 60—65%. Required investments range from 8.6 to
23.5 MCHF. The total annual costs (including energy costs, but still with some simplifications)
remain comparable to today and underline the techno-economic viability of integrated energy
solutions for the port area.

Keywords: Integrated Energy System, Port Development, Renewable Energy, Sector Cou-
pling, Electrification, Power-to-Heat, GHG Emission Reduction, Techno-Economic Optimisa-
tion.

1. Introduction

Modern and future-oriented inland ports contribute to achieving greenhouse gas emission
(GHG) reduction ambitions for the mobility sector in general, for companies connected to the
port and for cities and regions. However, significant challenges arise with the need to upgrade
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fossil-fuel-based infrastructure and technologies for a consistent and affordable use of renew-
able energy carriers, facing the coordination of multiple stakeholder priorities, high investment
costs, uncertain and variable energy demand and supply profiles, limited grid capacities and
the lack of scalable, demand-driven infrastructure and cooperation within an operating model
that benefits all parties involved. For this complex situation, integrated energy solutions within
clearly defined system boundaries can help to prepare strategic decisions for sustainable port
development based on data-driven assessments and techno-economic investigations.

Integrated energy systems (IES) aim to combine the physical and virtual integration of
energy sources, energy transformation, storage systems, distribution technologies and energy
demand profile management to increase the energy efficiency and economic benefits of a sys-
tem. IES use sector coupling to directly link the electricity, heating, and mobility sectors, ena-
bling more efficient use of energy across all applications [1]. By optimising energy flows be-
tween these sectors, IES can reduce losses, increase the exploitation of local renewable en-
ergy generation and — if coupled to detailed cost functions for capital and operating expendi-
tures (CAPEX and OPEX) of the system components — enhance the economic performance.
Storage solutions (electric, thermal or chemical) play a crucial role to increase system flexibil-
ity, as they allow surplus energy to be stored and used when needed, thereby improving relia-
bility and facilitating the integration of variable renewable energy sources [2]. Additionally, su-
perior aspects such as resilience, less dependency on the external physical energy supply into
the system and greater independence from energy price variations can be addressed.

Reducing GHG emissions is a key objective of IES, as it helps to mitigate climate goals
and improve companies’ environmental sustainability. To reach ambitious decarbonisation
goals and increase resilience, renewable energy sources such as wind, solar, and biomass
must be exploited to a maximum locally. However, the transition to low-carbon technologies
and the integration of renewable energy carriers into existing systems require significant up-
front investment costs, for example in new infrastructure, generation units, energy storage and
control technologies. In the context of IES, it is therefore important to consider all aspects of
the system with a holistic and interconnected method, combining technical performance, eco-
nomic viability, and environmental impact. To analyse the complex interactions and identify
optimal solutions, simulation tools with dedicated algorithms are employed, enabling detailed
modelling, scenario analysis, and optimisation of system configurations. In this project, the
software “Sympheny” has been used (see chapter 3).

The port area examined in this paper is the Swiss Rhine inland port in Basel-Kleinhiiningen
(KLH) which is administrated by the Port of Switzerland (POS), the national transport hub on
the Rotterdam-Basel-Genoa freight transport corridor which provides the infrastructure for
cargo handling activities and ensures that the port remains an attractive logistics location in
future (cf. map of port area in Figure 1). This port area is subject to specific system boundaries
and legal framework conditions. It is home to various port companies engaged in cargo han-
dling operations, each pursuing its own interests and business strategies. These companies
have different requirements and priorities regarding sustainability and energy supply, leading
to diverse expectations toward reliability, flexibility, and environmental performance. As a re-
sult, the overall structure of stakeholders and demands is highly heterogeneous. Moreover,
there is an existing energy supply and individual large PV systems. Therefore, realising an IES
requires a complex transformation and retrofit of existing infrastructures and operational pro-
cesses over the next years and decades. Another significant factor contributing to the com-
plexity is the current planning of a new third dock basin (Figure 1) with a trimodal container
terminal, which will involve a major redevelopment of the entire harbour, logistics and company
locations in the harbour area. In this context, it is desired to increase the independence of
electricity imports to the port area in order to enhance physical and economic resilience. The
challenge therefore is to maximise energy self-consumption by local renewable energy pro-
duction, possibly including a commonly used sustainable energy infrastructure in the port area,
namely consisting of a self-operated electricity grid as well as heat supply based on an area-
related Power-to-Heat concept. An overarching objective is that the City of Basel is pursuing
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ambitious climate targets aimed at significantly reducing GHG emissions to achieve net zero
by 2037. As POS is part of the city’s politics and strategic planning, it is committed to contrib-
uting to the achievement of these climate goals. Through its role as an important economic
hub, the port seeks to support and implement measures that enhance energy efficiency, in-
crease the share of renewable energy, and reduce the overall environmental impact.
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Figure 1. Map of the port area in Basel-Kleinhliningen with the dock basins 1 and 2 already in opera-
tion and dock basin 3 which is planned to be in full operation until 2035. The dashed red line depicts
the system boundary of interest for this study.

The paper is structured as follows. Chapter 2 starts with an assessment of the current
GHG emissions and energy situation (demand of different energy carriers and existing renew-
able energy production), before the system transformation approaches are described. The de-
mand analysis includes estimating the energy demand of the most energy intense port com-
panies and its distribution throughout the year, based on collected data. In this paper. the focus
is on understanding and combining stakeholder interests and needs, exploring relevant tech-

nical solutions for sector coupling (electricity, heat and mobility) as well as area-related energy
storage and distribution possibilities. Chapter 3 provides a deeper insight into the simulation
model implemented in the software Sympheny, starting with a description of the simulation
model boundary conditions specifically defined for the port in Basel KLH. Then, the most im-
portant aspects of the modelling approach are outlined and cost functions as well as solution
algorithms are presented which are used to identify optimal system configurations. Chapter 4
presents initial results for potential configurations of an IES for future scenarios (year 2035).
These findings are still preliminary and are intended to illustrate possible development path-
ways as well as to indicate direction for further work and analysis. Finally, the conclusions
summarise key findings and highlight the most important insights for IES in port area develop-

ments.
2. Assessment of GHG Emissions and Energy Supply

As explained in the introduction, the IES solution must fulfil several expectations to develop
the port area in accordance with the general and specific needs of all relevant stakeholders
(primarily, POS, port companies, city of Basel). The needs and expectations comprise both
technical and economic aspects within an ecosystem aiming at zero emissions and maximising

self-sufficiency with affordable renewable energy production locally.
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Reducing GHG emissions for this case could be straightforward: by electrifying the mobil-
ity and heating sectors and supplying them with 100% hydropower-based electricity, emissions
could be drastically reduced. However, this approach can entail economic drawbacks if elec-
tricity prices rise. Further, the load on the public grid increases, which in the worst case could
lead to load shedding (not part of this study). To maintain security of supply and increase
independence on energy imports, it is therefore desirable to generate, store, and distribute as
much renewable energy as possible directly within the port area.

The following subsections present the data analysis results for GHG emissions, energy
demand and renewable energy production for today’s energy situation in the port area. Then,
technical options are examined for an effective transformation of the existing energy system,
including options for integrating new renewable generation, sector coupling solutions and stor-
age technologies to meet both overarching expectations, the reduction of GHG emissions and
the increase of energy import independence within the perimeter of the port.

2.1 GHG Emissions and Energy Demand

Based on activity data from 2023 to 2025, Scope 1, Scope 2 and Scope 3.3 emissions were
analysed according to the GHG protocol standard principles ([3]-[5], expressed in CO. equiv-
alents). The cumulative annual greenhouse gas emissions for Scope 1 (on-site use of fossil
fuels) and Scope 2 (purchased electricity, thermal energy and cooling) emissions of all port
companies including POS amount to 1’557 tons CO;.q (Figure 2 left). Scope 3.3 emissions
(fuel- and energy-related activities) of all port companies including POS were quantified sepa-
rately and amount to an additional 300 t CO2eq.

54.8% (854 t CO.eq) Of all Scope 1 and Scope 2 GHG emissions originate from fossil fuel
use (petrol & diesel) in land-based vehicles including passenger cars, lorries and diesel loco-
motives. An additional 14.1% (220 t CO2.q) originate from ships owned by POS that are oper-
ated exclusively within the harbour perimeter and powered with Ecospeed diesel (reduced
emissions, but not CO-). 16.7% (260 t CO2.¢q) originate from natural gas and heating oil used
for heating of office spaces and warehouses. 11.0% (172 t CO2¢q) oOriginate from purchased
district heating. Notably, the GHG emissions associated with electricity use are low (3.3% or
51 1 CO,eq) because the purchased electricity mix is composed of 91% hydro power, 3% solar
and 6% other renewable energy sources. Consequently, the greatest potential to significantly
reduce GHG emissions within the port perimeter is in the sectors of mobility and heating, which
are investigated in further detail in chapter 2.4. Nevertheless, the electricity demand needs to
be analysed as well because if local production of renewable energy is expanded, the electric-
ity would primarily be used to replace purchased electricity for economic and resilience rea-
sons.

A quantitative analysis presented in Figure 2 (right) indicates the current annual energy
demand (based on data for the years 2023-2025) of 9.9 GWh at the port site, comprising 4.6
GWh electricity, 2.0 GWh total heat (mainly in the period from November until April), 2.6 GWh
for land-based vehicles and 0.7 GWh for the POS ships operating in the port of KLH.

Electricity is primarily used within the system boundaries to power cargo cranes, to provide
shore power supply to passenger and cargo ships, for electrical lighting and for offices and
associated appliances. It was decided to not include the energy demand of any cargo or pas-
senger ships in this study (except shore power supply), because unlike heavy machinery or
vehicles they are not part of the locally used, permanent infrastructure at the port. Furthermore,
their energy demands would by far exceed the potential for energy generation within the port
perimeter, and thus it would be necessary to significantly extend the system boundaries for
including the energy demand of ships in the assessment.
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Figure 2. Annual GHG emissions by energy source (left) and annual energy demand (right), clustered
in mobility (petrol/diesel for vehicles on land, Ecospeed diesel for POS ships), electricity and heating
demand.

In a more detailed analysis, the energy demand per month was investigated, split into
different energy use categories. The fossil fuels for ships and vehicles as well as the electricity
for buildings, silos, cranes and terminals are evenly distributed over the year. Passenger ships
usually moor at the port during the summer and autumn months. Therefore, the electricity de-
mand can increase significantly in these months. In contrast, heating demand occurs mainly
during winter months, driven primarily by space heating requirements for office buildings and
storage areas.

2.2 Renewable Energy Production

PV installation has been examined in detail for energy production. Other local renewable en-
ergy production options (such as wind and solar thermal) were excluded based on feasibility
or yield assessments in former studies. As of today, several PV-Systems are in place within
the port perimeter which produce approx. 3.8 GWh of electricity annually. The deployment of
PV on all suitable roofs and facades could potentially generate a total 7.7 GWh per year (data
for yearly PV electricity production was taken from [6] and [7]), meeting a considerable share
of port's total energy demand.
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Figure 3. Current electricity demand of all consumers subtracted by the local generated PV energy
(left), PV-production surplus based on measured data (middle) and net electricity demand per month
with a theoretical 100% self-consumption ratio (right).

A first analysis of the current energy system illustrates that the amount of electricity locally
generated by PV already exceeds the cumulative electricity demand of all port companies in
the period from April to August, resulting in a theoretical net electricity demand of zero for these
months (Figure 3). Installing additional solar PV-systems producing 3.9 GWh annually (primar-
ily in the summer period) will be required to meet the gradually increasing demand for electricity
due to the implementation of port transformation projects until 2035 and to meet demand for
electricity in the period from September until February that cannot be covered by currently
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installed PV. Facade PV systems can help to better cover electricity demand in winter months
due to better incident angles of the sunlight. Tall silos located within the port perimeter are
particularly well suited for the installation of large facade PV systems, as their height and un-
obstructed vertical surfaces allow for extensive module placement.

2.3 System Transformation

For the reduction of GHG emissions, the replacement of fossil-based energy carriers for both
mobility and heating is investigated.

To reduce GHG emissions from diesel and petrol consumption (approx. 55% of total cur-
rent emissions), land-based vehicles with combustion engines would need to be replaced with
battery electric vehicles (BEVs). These are expected to have the lowest total cost of ownership
and well-to-wheel greenhouse gas emissions when compared to alternative, currently availa-
ble fuel and powertrain combinations (e.g. hydrogen and fuel cells, gaseous or liquid fuels
based on power-to-X technologies) across a range of different scenarios [8]. Also, the life cycle
carbon footprints of BEV were shown to be on average 32% lower than for vehicles with inter-
nal combustion engines [9]. Consequently, a transition leading to a complete replacement with
battery electric vehicles is prioritised in our energy demand projection for 2035. This transfor-
mation will increase the demand for electricity by about 30% (Figure 4 left). Additional trans-
formation projects in the port area (for instance the installation of cargo cranes in newly built
container terminals or increased direct electricity supply to passenger and cargo ships from
shore power stations) are expected to increase electricity demand additionally by 70% in 2035,
compared to today. However, the shift to BEV and electric heating systems significantly im-
proves efficiency, by an estimated factor of three [10][11] compared to conventional fossil-
based technologies. The GHG emissions associated with heating (approx. 17% of total emis-
sions), currently generated by natural gas and heating oil, could be reduced by the deployment
of systems that generate heat using renewable sources such as heat pumps utilising very low-
temperature geothermal energy (<30°C) or river water available in the port area. As ground-
source heat pumps generally operate with a coefficient of performance (COP) of 3to 5[11] the
total energy demand for heating could be met by using merely a third up to a fifth of electrical
energy, thereby reducing the total energy demand and associated emissions for heating within
the port perimeter considerably. Especially potential facade PV systems together with heat and
battery storage systems can help to mitigate the additional electricity demand due to the de-
ployment of heat pumps. As a result, despite an increase in demand for electricity of 100%,
the total energy demand for the port is projected to increase by only 3% from 9.8 GWh to
10.1 GWh by 2035 (Figure 4 left).

The GHG emissions of district heating (coming from a waste incineration plant) at the port
accounts for approx. 11% of total GHG emissions, calculated with an emission factor of
143.4 kg CO-q per MWh. As the composition of the incinerated materials is unlikely to change
soon the emission factor will not decrease. Thus, decreasing the total amount of thermal en-
ergy purchased from district heating is the only other available means to reduce GHG emis-
sions. This would need to be balanced by installing additional, heat generating technology
such as heat pumps on site, which would in turn increase the demand for electricity. However,
as the emission factor of purchased or locally produced electricity is low, this would lead to a
net decrease of total GHG emissions at the port.

The remaining GHG emissions that would result from an electrification of all land-based
vehicles, all ships owned by POS that operate exclusively within the harbour and all decentral-
ised heating systems that currently use fossil fuels (namely natural gas and heating oil) would
amount to 18% (278 t CO.q) of today’s emissions (Figure 4 right). These are preliminary es-
timations to illustrate the system transformation approaches. More detailed simulations (in-
cluding costs) are described in detail in section 4.
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To meet the expectations for greater physical and economic independence of the port’s
supply, PV electricity needs to be distributed and (partly) used to generate renewable thermal
energy to be consumed in the port area. In combination with battery storage solutions and
advanced energy management systems, the independence from electricity imports can be sig-
nificantly increased by shifting loads and optimising charging and discharging strategies. To
enable electrification of mobility but also the heat sector, adaptations of the existing electrical
distribution infrastructure are of paramount importance, ensuring that energy flows can be con-
trolled and shared across the different facilities at the port.
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Figure 4. Total current (blue) and estimated (orange) energy demand (left) and GHG emissions (right)
for 2035 with electrification of the energy supply for mobility and heat (without district heating).

Current regulations do not allow the trading of PV electricity generated on-site directly
between the port companies. Instead, any surplus electricity must be fed into the public grid
and compensated through a feed-in tariff. To distribute the electricity generated by various PV-
systems within the port area and make the energy cost effectively available for all stakeholders
for their individual buildings, heavy machinery (e.g. cargo cranes) and EV charging infrastruc-
ture, buildings and additional infrastructure like cargo cranes could be directly interconnected
in a local area grid using low- or medium-voltage transmission lines. Alternatively, the physi-
cally existing grid assets could be virtually connected through a so-called local energy collec-
tive (“Lokale Energiegemeinschaft”, LEG) that distributes generated electricity using power
lines owned by the local utility company in exchange for a fee. Any approach requires the
establishment of an energy distribution network across the port area, in which multiple stake-
holders jointly operate and share energy infrastructure and locally generated electricity. Invest-
ment costs for new electricity transmission lines and grid adaptations need to be carefully con-
sidered, as they can significantly influence the economic viability of different system configu-
rations. Using the simulation tool “Sympheny”, potential layouts and compositions of such an
integrated system and energy community are explored to identify technically feasible and eco-
nomically attractive solutions.

Since with future PV installations the local electricity production will likely exceed the direct
use demand for electricity (including the electrification of mobility), the transformation of power
to heat is investigated. To do this efficiently, heat pumps can be applied either locally (in single
buildings) or centralised (using the existing or an extended district heating net), possibly with
relevant thermal heat storage capacities. As heat source for the heat pump, the water in the
harbour basins could be used as well as ambient air or ground-source heat pumps.

3. System Simulation Model

The IES simulations were carried out using an "energy hub" modelling approach [12][13], im-
plemented with the Sympheny Web App [14]. The energy hub approach is ideally suited to IES
development. It enables holistic modelling, encompassing multiple energy streams, multiple
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energy sources, multiple energy demands, numerous existing and candidate technologies, and
the dynamic interplay between these. Furthermore, it utilises mathematical optimisation to
identify optimal future energy supply concepts, considering myriad available options, key sys-
tem interactions and different decision criteria.

The approach of energy hub modelling entails representing an energy system in terms of
energy sources, demands, converters and storages - and the potential connections between
these - as illustrated in (Figure 5 left). Using this approach, a complex site such as the port of
Basel can also be broken down into multiple "hubs”, whereby each hub constitutes an energy
production, consumption and/or storage node in the overall system, and network connections
(thermal, electrical, etc.) provide pathways by which energy may be exchanged between dif-
ferent nodes (Figure 5 right). Application of the energy hub approach in practice requires pa-
rameterisation of the developed mathematical model with extensive data, reflecting various
relevant real-world financial, environment and technical properties and constraints. This in-
cludes, for instance, the costs and CO; intensity of energy sources, the investment and oper-
ation & maintenance costs of energy conversion and storage technology options, the efficien-
cies and operational constraints of technical components, the quantity and location of available
renewable energy sources, and profiles for different energy demands (e.g. heating, electricity,
transport).

| o |
Energy Energy technologies Energy
sources Conversion | Storage
o - R o
- - -
= e =
L = |
== -

Figure 5. Conceptual illustration of the energy hub approach, including the composition of a “hub”
(left), and the composition of a multi-hub system (right)

Once a mathematical energy hub model of a site or project has been set up and fully
parameterised with the relevant data, the model can be acted upon by optimisation algorithms
to identify optimal energy system configurations and optimal operational schedules. In the con-
text of energy hub modelling, this most often entails the use of linear or nonlinear mathematical
programming methods, sometimes complemented by machine learning. Multiple decision cri-
teria can be considered using multi-objective optimisation methods such as the epsilon con-
straint method. The result is a Pareto front of optimised solutions displaying the trade-offs be-
tween different optimisation criteria, and helping to identify solutions offering an advantageous
match between decision criteria and energy system performance.

For modelling of the current status of the case of Basel harbour, the site was initially di-
vided into a set of 32 hubs (Figure 6 left), with only a handful of existing electrical connections
between the nodes being represented. Each hub in this case represented one building, or a
small group of adjacent buildings, with separate hubs defined for major energy loads such as
individual cranes and onshore electrical connections for ships. Mobility related energy de-
mands, including fuel for ships and vehicles, were assigned to the individual hubs. This repre-
sentation offered a high-resolution view of the current state of the energy system, allowing for
fine-grained calculation and visualisation of current energy flows and system configuration,
while also providing an overarching view of system performance.
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Figure 6. Breakdown of the modelled system into hubs for the model of the current status (left) and
the model of future variants (right).

For modelling of possible future energy system variants, the site was divided into a smaller
set of 14 hubs (Figure 6 right). Several of the hubs from the model of the current status were
aggregated into larger hubs, and one new hub was added to represent a planned expansion
of the port. Potential electrical connections between these hubs were modelled to allow for
consideration of the potential advantages of direct energy exchanges between the hubs. The
reduction in the number of modelled hubs compared to the model of the current status was
implemented to eliminate unnecessary complexity in the model setup and to maintain compu-
tational tractability. The logic applied in the clustering system components into hubs consid-
ered the spatial and organisational dimensions of the problem, as well as critical planning de-
cisions to be made.

Table 1. Specification of selected key model parameters, including investment costs, energy costs and
CO: intensity of energy carriers.

Investment Costs

Solar PV 1’337 CHF/KWopeak
Battery 250 CHF/KWh
Ground-source heat pump (fixed cost) 24’074 CHF
Ground-source heat pump (variable cost) 2'801 CHF/kW
E-mobility charger 400 CHF/kW
Electrical connection (medium voltage) 270 CHF/m
Electrical connection (low voltage) 200 CHF/m

Energy costs

Electricity (energy price) 0.29 CHF/kWh
Electricity (capacity price) 11.9 CHF/kW/month
Diesel (Ecospeed) 0.10 CHF/KkWh
HVO 0.241 CHF/kWh
District heating (energy price) 0.128 CHF/kWh
District heating (capacity price) 21.6 CHF/kW/a
Remuneration for electricity grid feed-in 0.110 CHF/KkWh
CO: intensity of energy carriers

Grid electricity 0.012 kg-COz.eq/kWh
Diesel (Ecospeed) 0.324 kg-CO2.eq/kWh
HVO 0.004 kg-CO2.eq/kWh
District heat (2035) 0.086 kg-CO2.eq/kWh

The model was developed and executed in the Sympheny Web App (Sympheny). Use of
Sympheny simplified the process of setting up the model, providing a structured approach and
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graphical user interface for development of the model as well as integrated databases for dif-
ferent categories of energy demands, energy conversion and storage technologies, and re-
newable energy sources. A combination of site-specific, measured or stakeholder-provided
data and publicly available data from Sympheny's databases was used in setting up the model.
Once the digital model was set up in Sympheny, its optimisation algorithms acted on the model
to calculate the optimised future energy concepts - or, in the case of the model of the current
status, the current performance of the system.

A multi-objective optimisation considering life-cycle costs and life-cycle CO2 emissions
was carried out, with hourly-resolution representation of energy demands, sources and system
interactions. The optimisation problem was solved using a combination of conventional mixed-
integer linear programming solving methods and machine learning. This approach ensured
that energy balances and technical constraints were strictly obeyed while using temporal clus-
tering methods and experience-based solver tuning to minimise time to solution.

4. Integrated Energy System Simulation Results

The main drawback of implementing IES lies in the required investment and maintenance costs
and the challenge of ensuring that the costs and benefits are fairly distributed amongst the
stakeholders. Ultimately, a trade-off must be found between short-term capital expenditure on
one hand and the resulting long-term changes to on-site operational and maintenance costs
as well as environmental and/or operational benefits on the other. Since reducing environmen-
tal burdens and at the same time reducing costs usually are conflicting goals, a multi-factorial
optimisation for parameters such as GHG emissions and life-cycle costs does not yield one
single but generally various IES scenarios that are distinct from each other.

For the expected full expansion of the port in the year 2035, four IES scenarios (V1 to V4)

have been optimised by using Sympheny to minimise a combination of GHG emissions and
Life-cycle costs as objective functions (Figure 7).

300

tCO2-eqg/a
&
o

1.8 2.0 2.2 2.4 2.6 2.8
Life-cycle costs (MCHF/a)

Figure 7. Optimisation scenarios V1 to V4 along the pareto front connecting resulting CO2 eq-emis-
sions and Life-Cycle costs as modelled by Sympheny.

All four scenarios are located along a pareto front that connects a range of scenarios with
the extreme points being optimised either for minimal life-cycle costs with higher remaining
GHG emissions (V1) or minimal remaining GHG emissions at higher life-cycle costs (V4). V2
and V3 represent intermittent scenarios offering a combination of remaining GHG emissions
and life-cycle costs between scenarios V1 and V4. Importantly, each of the four scenarios can
utilise a unique technology mix of installed production capacity that is depicted in Figure 8.

V0 represents the current state of installed production capacities on-site, consisting of
solar PV (about 3.4 MW,ea installed), oil boilers (about 0.7 MW), district heating (about
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0.5 MW) and gas boilers (low installed power, but used more frequently than the oil boilers, cf.
Figure 4). Scenarios V1, V2 and V3 require additional PV power of about 1.9 MW,eak. Scenario
V4 (leading to the lowest remaining GHG emissions) requires almost 30% more additionally
installed PV power (2.46 MW,eak). All scenarios eliminate the usage of gas and oil boilers.
While scenarios V1, V2 and V3 still make use of district heating (0.51 MW, same as today),
scenario V4 further reduces GHG emissions by replacing district heating with thermal energy
generated by additional ground-source heat pumps (about 1 MW more compared to V1 to V3),
replacing parts of the air-source heat pumps from scenarios V1 to V3 with ground source heat
pumps (about 0.25 MW). While scenarios V1, V2 and V3 require the installation of e-mobility
chargers that provide an average of 0.48 MW, scenario V4 achieves additional GHG emissions
reduction through an extended charging capacity of 0.65 MW and thus eliminating the remain-
ing use of Ecospeed diesel (cf. Figure 8 right).

The total energy import decreases by 39% in scenarios V1-V3 compared to the reference
case VO (Figure 8 right). Scenario V4 reduces total energy import by 44%, which indicates the
higher level of on-site renewable generation and increase of energy autonomy. It is important
to note that all four scenarios continue to rely on grid electricity of approximately 3.8 GWh (V1
to V3) to 3.3 GWh (V4) and are not fully independent of imports of electrical energy. However,
there are relevant differences in the mix of energy imports between the different scenarios
(Figure 8). While scenarios V1, V2 and V3 continue to rely on remaining amounts of fossil fuels
like diesel (approx. 0.05 to 0.02 GWh), Ecospeed diesel (approx. 0.7 to 0.2 GWh) and petrol
(approx. 0.001 GWh), scenario V4 omits these fossil fuels as sources of energy completely.
Similarly, the energy mix of scenario V4 phases out the use of district heating to provide ther-
mal energy, which is still required in scenarios V1 to V3 (approx. 0.07 GWh). Scenario V4
achieves this through more extensive electrification, additional solar PV and investments in
battery storage, which notably extends life cycle-costs but results in reduced total imports of
grid electricity compared to scenarios V1 to V3. Also, to power POS owned ships within the
port perimeter low emission hydrogenated vegetable oil (HVO) is utilised as an alternative to
Ecospeed diesel (as constraint, Ecospeed diesel and HVO can only be used for POS ships).
The stepwise replacement of Ecospeed diesel (0.10 CHF/kWh) from V1 to V4 with the more
expensive HVO (0.24 CHF/kWh) leads to higher life-cycle costs.
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. 0.24 Air-source heat pump u Ecospeed diesel
0.65 ™ District heating connection = Ground heat
Emobility chargers 1o u Petrol
7 0.51 0.51 0.51 . 0.68
140 u Gas boiler Heating oil
m o8| |est ' Ground-source heat pump District heating
6 046 (030 (048 4Riverwater heat pump 8 = Natural gas
048 050 050 Solar PV (new) e uDiesel
5 = Solar PV (existin . -
= 24 { 9) g . u Grid electricity
= 0.70 1.91 1.91 1.91 U, 047
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Figure 8. Optimised installed capacities (for heating applications, the number represents the heating
power) of different technologies for scenarios V1-V4 (left) and energy imports split into energy carriers
for V1-V4 and current energy import values VO (right).

Concurrently, the cumulative GHG emissions of 1’557 t CO2q within the system boundary

were found to be substantially reduced in all four simulated IES scenarios with reductions in
total emissions ranging from 82% for scenario V1 to a 97% for scenario V4 (Figure 9). All
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scenarios eliminate GHG emissions from petrol, diesel, heating oil, district heating and natural
gas almost entirely due to progressive electrification. Since the electrification of Ecospeed die-
sel powered ships is not allowed for the optimiser, a gradual reduction in Ecospeed diesel
(324 g CO26¢/kWh) use from scenario V1 (220 t CO,.q associated GHG emissions) to scenario
V4 (0tCO2eq associated GHG emissions) is enabled by replacement with HVO
(3.8 g CO2,eq/kWh).
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Figure 9. GHG Emissions of initial state VO (left) and the four optimised scenarios V1-V4 (right).

However, all scenarios require substantial investments in the deployment of technologies
such as additional solar PV, batteries, heat pumps, charging stations for BEVs and the instal-
lation of electrical connections to establish a local grid for the effective distribution of electricity
within the port area. Depending on the deployed technology mix, total investment costs were
found to range from approximately 8.6 to 23.5 Mio Swiss Francs (CHF) for scenarios V1 to V4,
respectively (Figure 10 left).
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Figure 10. Investment costs for scenarios V1-V4 (left) and total annual costs (right) of the initial state
VO and of scenarios V1-V4 (O&M and depreciation costs are neglected for V0)

Scenario V4 represents the IES with the largest investments into batterie systems (in-
creased by a factor of five compared to V3) for minimising the GHG emissions with locally
generated and stored electricity for the extensive electrification of the entire heat and mobility
vectors. It must be noted that Sympheny can freely choose and optimise the size and location
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(assign to hubs) of the battery storage capacities. This large investment into battery systems
and additional solar PV in V4 leads to an overall autarky ratio with respect to electricity use of
65%, while for the scenarios V1-V3 the autarky ratio is calculated to be 60% (the autarky ratio
is defined as the difference of PV production and electric exports divided by the total electric
consumption).

The increased investments in ground-source heat pumps in V4 originates from the instal-
lation of larger heat pumps covering peak heating power as well, since in scenarios V1-V3 the
peak heating power is still covered by gas boilers or district heating.

Notably, the current annual costs VO for the purchase of energy (electrical, thermal, fossil
fuels) amount to CHF 2.5 Mio CHF (Figure 10). Based on the simulations and assumptions so
far, the deployment of any of the four simulated IES scenarios does not result in increased
total annual costs because estimated increases in operational and maintenance costs due to
additional technological infrastructure will be offset by reductions in annual energy costs as a
result of internal consumption of locally generated electricity from solar PV and increases in
energy efficiency by electrification (as described before). It must be noted that 1) the annual
interest rate is set to 0% for these initial results and 2) the depreciation is a cost mix depending
on different technology lifetimes. These preliminary results are meant to give first insights into
possible IES configurations and optimiser performance. Several modelling restrictions and as-
sumptions remain, which could significantly alter the optimisation outcomes and scenarios:
Thermal storage systems have not yet been included in the simulation model due to numerical
issues during optimisation. The integration of thermal storage could substantially reduce the
required installed heat capacity, and thus the cost of heat pumps. The results of scenarios V1
to V3 are very close to each other and differ mainly in the amount of substituted Ecospeed
diesel by HVO. A binary modelling approach that only allows one fuel or the other could in-
crease the spread between these variants and would also be more realistic from an operational
perspective. The remaining use of district heating and gas boilers in V1 to V3 is unrealistic in
practice. Below a certain energy consumption threshold, provision should be made for a tech-
nology replacement. Although the optimiser can, in principle, determine the degree of electrical
interconnection, it consistently develops the system towards the maximum level of possible
network connections (totally approx. 1 MCHF investments). The costs associated with this
electrical interconnection are likely underestimated and must be analysed in more detail fol-
lowing key decisions on specific concepts. The transition from combustion engines to electric
vehicles requires not only investment in charging infrastructure but also the procurement of
new vehicles. The capital costs for new BEVs are not yet included in the model, which could
explain why the optimiser is already able to completely replace diesel vehicles in scenario V1
while the total annual costs for V1 to V3 increase only marginally. The PV potential is not fully
exploited in any of the scenarios, since the objective function includes optimal life-cycle costs
but not yet an option to also minimise electricity imports from the grid.

It was assumed that the emission factor of district heating would decrease by 25% be-
tween 2025 and 2035. A stronger reduction of this factor could make district heating more
attractive again in some scenarios, whilst avoiding deployment of district heating for residual
heat use. The price of imported electricity is kept constant in the current reference scenario VO
and the future scenarios V1 to V4. The impact of price changes on the technology mix, invest-
ments in infrastructure, and total annual costs need to be assessed by sensitivity analyses.
POS and the companies located within the harbour perimeter currently operate diesel powered
locomotives to move cargo. These locomotives still need to be integrated individually in the
IES models, because electrification of some of these locomotives has been excluded by the
companies while others may be electrified in the future. These results show scenarios for IES
with the expected finalised energy system transformation in the year 2035. Based on the se-
lected target scenario and technology mix for 2035 future work will simulate intermittent devel-
opment stages for the entire port area for the years 2029 and 2032 to inform short- and mid-
term investment decisions and to define a roadmap for the deployment of renewable energy
infrastructure and the electrification of transport within the system boundary. Specifically, future
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results aim to describe which technologies such as solar PV, electrical connection, batteries,
heating systems, and E-mobility are gradually added, replaced or upgraded. This stepwise
approach will allow to define a GHG emissions reduction pathway and to derive the required
annual investment costs associated with each phase of the transformation. Further, dedicated
sensitivity analyses including variation of prices and emission factors are implemented to verify
the stability of the optimal scenarios.

5. Conclusions

The case study of the Basel-Kleinhiiningen inland port demonstrates that integrated energy
solutions can demonstrate pathways for transforming complex, multi-stakeholder industrial
sites towards climate neutrality while maintaining economic viability and considering energy
resilience of the perimeter. By combining extensive electrification of mobility and heating,
large-scale deployment of PV, sector coupling and intelligent use of storage and local grids,
GHG emissions within the defined system boundary can be drastically reduced, while total
energy imports and exposure to external energy price volatility are substantially lowered.

The energy hub modelling approach implemented in Sympheny proved suitable for cap-
turing spatial, technical and organisational complexity and for identifying cost- and emission-
efficient technology portfolios. The results highlight that achieving high degrees of decarboni-
sation and energy autonomy requires significant upfront investments, particularly in PV, heat
pumps, battery systems and electrical interconnection. However, these investments can be
offset over the life cycle by efficiency gains and reduced energy procurements, leading to an-
nual cost levels comparable to today.

The analysis also reveals important sensitivities and modelling gaps, notably regarding
thermal storage, future price and emission factor developments, and realistic implementation
constraints for fuels and district heating. Future work should therefore focus on refining these
aspects, exploring intermediate transformation stages and conducting systematic sensitivity
analyses. Overall, the study underlines that port-scale IES, planned and optimised holistically,
can play a central role in supporting ambitious urban and regional climate targets while safe-
guarding the competitiveness and resilience of port operations.
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