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ABSTRACT

The decarbonization of the building sector is of paramount importance to meet EU objectives in terms
of greenhouse gas emissions. Many solutions have been documented in the literature ranging from fuel
switching towards biomass or electrification using heat pumps. From the point of view of sustainability
and air quality, the electrification of building heating is very promising but requires that electricity is
generated from renewable resources like solar and/or wind energy. However, the intermittency and
seasonality of renewable energy production make it difficult to match the heat demand (i.e., photovoltaic
panels produce more during summertime when the heat demand is low, and inversely). The contribution
presents the design procedure used to find the best energy generation, storage, and transport of a district
heating network supplied by photovoltaic panels and using seasonal geothermal energy storage coupled
with short-term battery storage. The optimization problem is solved using a linear programming approach
which allows for quick and easy implementation. The rated power and storage capacities are determined
together with the optimal operation schedule to target minimum cost and minimum dependency on the
electrical grid. The problem of heat losses in geothermal storage receives particular attention as estimated
losses are taken into account in the design procedure. Several scenarios considering different ground
thermal conductivities and electricity market prices allow for more secure and reliable decision-making
at an early stage of the construction process. A fully renewable system without electrical grid connection
is not achievable for the considered scenarios due to economic impracticality. The applied test case is
also a good example that could be replicated when similar configurations are encountered.

1 INTRODUCTION

The EU faces a pressing need to address the climate and energy security issues associated with space
heating, cooling, and domestic hot water supply, which account for 31% of the EU’s primary energy
demand, actually predominantly sourced from fossil fuels. With 41.3% shares of renewables and climate-
neutral heat sources, district heating and cooling networks are a powerful tool to replace fossil-based
heating in buildings, currently providing warmth to 67 million EU citizens. Expanding these networks
to cover 20% of the EU heat demand by 2030 could save 24 billion cubic meters of gas. The recently
proposed ’Fitfor55’ package outlines a roadmap for achieving 100% renewable and climate-neutral
district heating and cooling networks by 2050, requiring a total investment of 144 billion euros by
12030 [Euroheat and Power, 2023].

The development of renewable energy communities is certainly the most significant evolution in recent
years in the way energy systems are designed. It allows multiple individuals to invest in a shared
infrastructure for electricity and heat production, a role that was previously exclusive to energy suppliers.
The shared infrastructure also consists in a district heating network (DHN) for heat distribution and a
electricity distribution network, which are both mainly supplied by a combination of renewable energy
sources. However, this new framework requires small-scale energy system design tools that can be used

https://doi.org/10.52202/077185-0168 1960



116, Page 2

by small entities with often limited technical and financial resources to implement such projects. It

is proposed here to develop an optimization tool for the energy mix of small-scale communities, up

to a few dozen buildings. This tool would enable the coupling of two energy vectors (electricity and

heat) with some storage methods (batteries and sensible heat storage). The aim is to develop energy

systems that are less dependent on fossil resources and that are economically viable. The tool is used

as a decision-making technology and a preliminary design tool to provide a rapid overview of the cost,

design aspects, and operation schedule of the relevant components with minimal resources and a short

time frame.

The presented work involvesmldy for a current project, intended to serve as a case study for

the developed tool. To align with the rapid progress of the project, a simplification and linearization of

the optimization problem have been implemented. | |:|
eform Gurobi optimizer [Gurobi, 2024] is used to solve the optimization problem, through a linear

programming (LP) approach. Various techniques are employed for solving linear programming problems,

such as the simplex method [Dantzig and Thapa, 2006b] and the interior-point method [Dantzig and

Thapa, 2006a]. Gurobi incorporates these methods and dynamically selects the most suitable approTtl

I:iﬁ on the specific characteristics of the given problem.
us optimization methods for energ i ransition are discussed
hes with multi-

in the literature, including mixed-intege objective formulations [Falke
et al., 2016], and mixed-integer linear programming models [Omu et al., ature

review has been conducted by Resimont [Resimont, 2021] on the various optimization methods for
energy systems. Finally, a dynamic approach has been implemented in [Cendoya et al., 2024] within
the project context, but scenario studies for preliminary decision-making is not feasible due to the
extensive computational requirements, consuming considerable time. These optimization formulations
are characterized by a high level of complexity, allowing for detailed modeling of the system. However,
the complexity of these models can be a barrier to their implementation in the early stages of a project,
as they require a significant amount of data and time to be implemented where high accuracy is not yet
required. The LP approach is chosen here for its simplicity and rapidity of implementation, which is
particularly suitable for the preliminary design of the energy system.

2 PROBLEM STATEMENT

2.1 Context

The developed optimization tool is applied to a test case in Martelange, in the province of Luxembourg of
Belgium. A project is currently ongoing in this city to build a new district heating network to supply heat
and domestic hot water to a certain number of buildings. The DHN will be supplied by a combination
of renewable energy sources, namely photovoltaic panels (PV) and geothermal energy. A slate quarry,
one of the cavity of the old mines of the region, is valued as thermal energy storage to store the excess
thermal energy produced by renewable sources in low electricity prices periods and sunny days. The
available cavity for thermal storage has a volume of 6000 >, The DHN is designed to operate between
50°C and 30°C. Additionally, the cold source for the heat pump is an 80000 m> reservoir, which operates
between 4°C and 12°C. The DHN will be connected to 50 housings, and the thermal demand is estimated
to be 387.6 MWhy, /year for both heating and domestic hot water demand.

To satisfy the thermal demand, the feasible design includes a heat pump for the base load and electrical
resistances for the peak load, with a sensible thermal storage in a cavity of the old mines to store the
excess of thermal energy produced. These three components feed the district heating network through
primary pumps, which are powered by the electricity produced or imported from the grid. The heat pump
extracts energy from another cavity of the old mines, which is used as a cold source. The cold source
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needs to be regenerated by a cold user nearby. A schematic of the installation is illustrated in [Cendoya
etal., 2024]. An electrical node gathers the production of electricity from photovoltaanels, the export
of surplus solar energy, the import of electricity from the grid, the storage of the excess electricity in
batteries, and the connection to the heat pump, the electrical heaters, and the primary pumps. Indeed, the
thermal demand is electrified to address dependency issues, leveraging the development of renewable
energy sources. The described feasible design is illustrated in the following Figure 1.

Cold source

l source

Qdemand

Thermal Demand

7
‘ Thermal Storage ‘

Figure 1: Illustration of the feasible design of the energy mix.

The application of the developed tool allows one to determine the optimal design of the different
components of the considered feasible system and their operation behavior to minimize the total system
cost.

The decision variables of the problem are the rated powers and capacities of the different components
for the appropriate sizing, as well as the instantaneous powers and capacities to determine the optimal
operation schedule of the system on an hourly basis over an annual period.

2.2 Objective function

The objective function of the optimization problem aims to minimize the total cost of the system, i.e. the
investment cost of the different components and the associated operational cost. The latter is composed
of the cost of the electricity bought from the grid, the marginal cost of the different components, the
cost associated with the ramp rate of the heat pump, and the fixed costs of the system. By including a
cost term for the ramp rate in the objective function, the optimization algorithm can find a solution that
balances the trade-off between achieving the desired performance and minimizing the cost associated
with rapid changes of the heat pump in the system. The objective function is defined as follows:

TSC = Z (CO,k ¢k) (Qrated,i + Wrated,j) + Z

8759 , .
(Cprim,k,t

)At (Ors + v‘v,.,,)}

i.jek =0 Mk
8759
+ Z (Cl,l ly”l) (Qrated + Wruted) + Crr,hp Z |Rth,t| + Ufix,sysl;bsys (1)
1 t=0

where the indices i and j stand for heating technologies and power generation technologies, respectively.
The index / stands for energy storage systems. The annuity factors ¥, and ¢, are set for each component,
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with an interest rate of 5%. The installation costs cg x and ¢y, as well as the lifetime of the different
components, are set as follows in Table 1.

Table 1: Installation costs of the different components.

Power Source Installation cost Lifetime
Heat Pump See Eq.2 20 years
Electrical Heaters 80 €/kWy, 20 years
Thermal Storage 80 €/kWy, 30 years
Photovoltaic Panels 1000 €/kW, 20 years
Batteries 600 €/kWh, | I0years |

The cost associated with the installed power of the heat pump is determined by the following equation,
derived from actual data provided by the heat pump manufacturer [Viessmann, 2024] :

ot =626 Qrarean 108.7)° | | @
Win

for a range of installed power from 50 kW to 300 kW. The thermal storage system incurs no storage cost
related to the installed capacity, given the utilization of an already existing cavity. Nevertheless, a cost
associated with the rated power is taken into account due to the nature of geothermal storage, involving
expenses for boreholes, casing, and heat exchangers. The cost associated to the ramp rate ¢, is 1073
€/kW. The fixed costs of the system Uy;, sy for the considered project are estimated to 180,000 €, to
which are added 30,000 € of costs for the DHN. The lifetime of the project is set to 25 years. The time
step At is set to 1 hour.
The index 7 stands for the two considered energy vectors : heat and electricity. The index j corresponds
to the different components of the energy mix.
The energy mix includes renewable sources such as solar energy, which is inexhaustible but intermittent,
and geothermal energy, which is renewable in the long term. The only energy incurring a cost is the
electricity sourced from the electrical grid. The data used for the price of electricity € /kWh, corresponds
to the year 2023 and is taken from tchange platform in Belgium (BELPEX) to which are
added 65€ /kWh, of connection price [Belpex, 2023]. The levelized total system cost (LTSC) is defined
as the total system cost for a year divided by the annual thermal energy demand of the system. The
LTSC, which is used to compare the different scenarios, is defined as follows:

LTSC =

TSC €
[ 3)

D th Mwhth

2.3 Constraints

The constraints of the problem include various factors that influence the optimal solution. They encom-
pass limitations on the availability of resources, operational constraints, power and energy balances.

In the considered case study, there are two limitations concerning the availability of resources. The
photovoltaic rated power is limited to 70 kW, due to the limited available surface and the available
volume of thermal storage in the quarry is limited to 6000 m> with a temperature difference of 20°C.
The power balance within the system is expressed through two key equations, the thermal and the electri-
cal power balances. The thermal demand needs to be satisfied at each time step through thermal energy
components. The components responsible for heat production, i.e. the heat pump and the resistance, in
combination with the thermal storage, are in charge of satisfying the thermal demand. The heat pump
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and the resistance are powered by electricity. The thermal demand is electrified to address dependency
issues, leveraging the development of renewable energy sources such as photovoltaic panels. The power
balance satisfying the thermal demand Q gemana,; 1S expressed as :

Qi,t - Qcharge,sto,t = Qdemand,t Vi “4)

ie{hp,res,sto}

where the thermal demand Qdemand,t at each time step has been modeled with Modelica for the 50
housings in the project context. The detailed description of the model is out of the scope of this work.
The thermal demand includes the heating demand, the sanitary water demand, and the losses of the DHN.
The geometry of the network is supposed to be fixed, the modeling of the DHN will be the subject of a
later work.

The electrical demand is defined by the combined electricity requirements of the heat pump, the resistance,
and the primary pumps of the DHN which consumes 3% of the thermal demand. This power is supplied
by photovoltaic panels, associated with batteries that store surplus energy and release it when needed,
especially during peak hours when electricity costs are higher. The electrical grid compensates for any
deficit and allows the export of the surplus energy when needed. The export of energy is characterized
as a sink, the sale of energy to the grid is beyond the scope of this work and is thus not considered. The
power balance satisfying the electrical requirements is expressed as :

Wj,t - Wcharge,batt,t - Wexport,t: Z Wm,r + pr,t Vi (5)
je{pv,batt,grid} me {hp,res}

The upper bounds of the instantaneous powers Q; ; and W;., are limited by their rated powers Orated.is
and Wy area. .+ multiplied by 7,,4. The latter coeflicient ranges between 0 and 1. The heat transfer rate
is used for illustration :

Qir < Tmax * Qrated,i Vi, t (6)

The lower bound follows a similar approach but with 7,;,,, also comprised between 0 and 1.
Qi,t 2 Tmin Qrated,i Vi,[ (7)

Other instantaneous powers used in this problem need to be bounded, such as the exported electrical
power and the charge power for the thermal and electrical storage. The coefficient 7,4, and 7,,;, are set
to 1 and O respectively for the instantaneous powers of the different components, except the heat pump
minimal power is set to 25% of its rated power.

The thermal storage capacity is determined with the following equation :

Orated,sto = Pw * Cpw* Vsto * Almax (8)

where p,, is the density of water, ¢, is the specific heat of water, Vy;, is the volume of the storage
equal to 6000 m> and AT, is the maximal temperature difference inside the storage. The minimal
stored water temperature is 30°C and the maximal temperature is 50°C, the maximal difference AT},
is then 20°C. Subsequently, the evaluated thermal storage capacity is estimated to 140 MWhg,. The heat
losses occurring in the storage are modeled i " ] with a thermal conductivity of the
soil, composed of shale, equal to 2.1 W/mK. The model gives a minimal thermal loss of 9 kWy, for when
water is stored at a temperature of 30°C while thermal losses reach 13 kWy, when the water is stored
at a higher temperature of 50°C. The specific thermal losses are expressed per unit of storage capacity

https://doi.org/10.52202/077185-0168 1964



116, Page 6

available on the site (i.e., 140 MWhy,) to obtain the loss coefficients 7,5, min = 6.4 - 107> kW /kWhy,
and Tjpss,max = 9.2 - 107> kW /kWhy, respectively and to include them in the storage energy balance.
The energy balance of the storage system is maintained through an equality constraint at each time step,
ensuring the conservation of energy. The thermal storage energy balance considers not only the inflows
and outflows of energy to and from the storage but also accounts for the losses within the thermal storage
system. As the thermal storage is considered empty when it is filled with water at 30°C, the minimum
(i.e., constant) losses are of 9 kWy,. As the storage is being filled with hotter water, the corresponding
volume is characterised by thermal losses of 13 kWy,. The magnitude of the losses in the storage is
considered directly proportional to the state of charge of the thermal storage. The energy balance of the
thermal storage is expressed as follows:

W = Qcharge,stu,t - Qsta,t (9)

—Tloss,min * Qrated,sto - (Tloss,max - Tlnss,min) : Qst{),t Vit

The energy balance of the electrical storage does not include losses within the storage system. However,
around-trip efficiency of 95% is considered for the electrical storage. The energy balance of the batteries
is expressed as follows:

Wbatt,t - Wbatt,t—l . Wbatt,t

dt = Wcharge,batt,t — W A (10)

The state of charge of the thermal and electrical storage needs to be bounded by the rated capacity of the
storage through the following inequalities. The thermal water storage is used for illustration:

Ostort < Gmax * Qrated,sto Vt, Vi € {thel} (11)

Qsto,t 2 Pumin - Qrated,sto Vt, Vie {th,el} (12)

with @qx and @i, comprised between 0 and 1.

The charging and discharging processes of the battery are subject to specific constraints to ensure the
proper functioning of the system. A charge or discharge cycle of the battery is supposed to take at least
3 hours, which is translated into the following constraint :

Wcharge,batt,t -3h < Wrated,batt A\ (]3)
Wbart,t -3h < Wrated,batt vt (14)

A ramp rate is considered for the heat pump to control the speed at which the heat pump can adjust its
heating output in response to changing demand. The heat pump is used for the base load and is regulated
to give a continuous minimal heating output without significant fluctuations. This control is translated
into equality constraints, where RR;;,4 is set to 1% :

RRZ,, =Onpst = Onpi-120 Vi

RR,,  =0Qnpi-1=CQnps 20 vi (15)

|RRip| = RR},, + RR}, , < RRuax,iOrated.hp ag
The heat pump is assumed to maintain a constant coefficient of performance (COP) of 3.4 during the
considered year, a value chosen specifically for the given test case. Additionally, the electric heater is
considered to operate with 100% efficiency. These assumptions can be translated into equality constraints

as follows:
th,[ = 3.4 . Wh[?,l Vt (16)
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Qres,t = Wres,t Vi (17

The photovoltaic panels operate at a certain power equivalent to 7, times their rated power :

va,t =Tpv,t* Wrated,pv Vi (18)
where 7, corresponds to the efficiency of the photovoltaic panels based on meteorological data and the
orientation of the panels, set to an azimuth angle of 0° and a tilt angle of 35°.

2.4 Case studies

The developed tool is applied to the aforementioned test case of the district heating network in Marte-
lange whose purpose is to provide a rapid overview of the cost, design aspects, and operation schedule
of the relevant components with minimal resources and a short time frame. The objective function and
corresponding constraints of the optimization problem defined in the previous sections are applied to the
following scenarios to accomplish this purpose.

The test case is divided into two parts. The first part consists of the application of the developed
tool to the reference scenario, which is the scenario where the thermal losses are set to Toss.min =
6.4 - 107 kWy,/kWhy, and Tioss.max = 9.2+ 107> kW /kKWhy,, the electricity market prices are set to
the spot market of the year 2023 and the number of housings connected to the DHN is 50. The other
parameters are set as described in the previous sections. The objective function is minimized, giving
the minimal levelized total system cost (LTSC) of the reference scenario. The optimal design values of
the different components resulting from the minimization of the objective function are analyzed together
with the optimal operation schedule of the system. The objective behind the application of the developed
tool to the reference scenario is to, first, verify the consistency of the tool and, second, to determine if
the sizing of the different components aligns with the available resources and the economic viability of
the energy system.

The second part of the test case consists of the application of the developed tool to three additional
scenarios to assess the impact of some design parameters on the optimal reference design of the system.
Those parameters are the thermal losses in thermal energy storage, the electricity market prices, and the
number of housings connected to the DHN. For the second scenario, the thermal losses will double to
Tioss.min = 1.28 - 107 kW, /kWhy, and Tjpss.max = 1.84 - 107 kW, /kWhy,. For the third scenario,
the electricity market prices will be set to the year 2022, reflecting significant fluctuations and reaching
peak values during certain periods. For the last and fourth scenarios, the number of housings connected
to the DHN will be increased to 110, impacting the thermal demand.

3 RESULTS

3.1 Optimal design of the reference scenario

The optimal design values of the different components resulting from the application of the developed
tool to the reference scenario are presented in TabElZ. The levelized total system cost (LTSC) of the
reference scenario is 102.7 €/MWhy,. The installed capacity of the thermal storage is 102 MWhy,,
which is below the limit of 140 MWhy, due to the already existing slate quarries. The installed power of
the photovoltaic panels is 59 kW, which is also below the imposed limit of 70 kW, due to the limited
available surface on the site. The high cost of batteries, set at 600 €/kWh,, excludes them from the opti-
mal energy mix. This implies that from an economic standpoint, having a large number of photovoltaic
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panels may not be necessary if surplus electricity cannot be effectively stored. The optimal design values
are then consistent with the available resources.

Table 2: Optimal design values for the reference scenario with a LTSC of 102.7€/MWhy,.

Power Source Installed Power/Capacity
Heat Pump 85 kW

Electrical Heaters 22 KW

Thermal Storage 102 MWhg,

Photovoltaic Panels | 59 kW,

Batteries 0 kWh,

For reminder, the heat pump is used for the base load and the electrical heater for the peak load. The heat
pump is regulated to give a continuous minimal heating output (25% of nominal heating capacity) without
significant fluctuations. The peak power of the thermal demand occurs in the middle of December na
peak value of 543 kWy,, which asserts the good use of the thermal energy storage as the capacity of-the
heat pump together with the electrical heater is 107 kWy,. The size of the heat pump does not need to be
significant to satisfy the thermal demand. The behavior of the heat pump is illustrated in Figure 2 with
a load duration curve of its produced heating capacity. The heat pump operates at its rated capacity for
slightly less than 50% of the time.

100

Power [kW]

40

60
Capacity Utilization (% of Time)

Figure 2: Heat pump heating output: Annual load duration curve.

The reference scenario is illustrated in Figl.u 3 in the form of a Sankey diagram, a graphical represen-
tation used to visualize energy flows in the form of arrows, with the width of the arrows proportional
to the quantity of energy they represent. This graphical representation allows for a clear and concise
overview of the energy flows within the system during a year. The thermal demand is divided among
the load required for buildings, sanitary hot water, and losses from the district heating network, which
are considered constant since it is not modeled, as it is beyond the scope of this study. The photovoltaic
panels are optimally sized with a self-consumption rate of 99.2%, given the minimal surplus of electricity
exported. The self-sufficiency rate is 38.7%. It shows that a significant amount of electrical energy needs
to be imported from the grid to satisfy the electrical demand, including the heat pump, the electrical
heaters, and the primary pumps. Despite the lack of batteries, the energy mix leverages photovoltaic
production and takes advantage of low-price electricity periods to power thermal storage, the cost of
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which is minimized through the valorization of slate quarries. The regeneration of the cold source by
a nearby cooling load is necessary. Although not depicted in the current diagram due to the absence
of immediate cooling demand in the project context, it is crucial to account for the soil’s capacity to
regenerate heat.

The fact that the optimal design is not self-sufficient implies that it is not fully renewable. However, the
electricity imported from the grid to meet the energy requireme es-at a low cost, a factor reflected
in the optimal LTSC. Consequently, the composition of the'e y during periods of low prices is
frequently dominated by renewable sources, such as solar energy on sunny days. Thus, it can be asserted
that the imported electricity from the grid is not exclusively derived from fossil fuels, contingent on the
prevailing electricity mix in Belgium at the time of import [Agency, 2024].

DHN losses

[ Photovoltaic panels 27.3MWh

I Electricity mix
[ Heat production OISdQSISIWCS
[ Heat distribution g

Photovoltaic Ja
63.8MW)

70.6MWh

Pumps

12.5MWh Sanitary water

72.7MWh

Figure 3: Sankey diagram of the reference scenario.

The use of the developed tool for the reference scenario allows for results in a time frame of around
five minutes, which is a significant advantage for a preliminary design with minimal information. Also,
it allows one to estimate the sufficiency of available resources, the approximative needed size of the
different components, and the economic viability of the energy system, which is very useful for the early
stages of the construction process.

3.2 Impact of the variation of parameters on the optimal reference design of the system

The impact of the variation of parameters on the reference optimal design of the system is assessed
through the application of the tool to three additional scenarios, where a parameter is varied in each
scenario. The goal of this section is to analyze how the optimal reference design varies and how the
levelized total system cost is impacted by the variation of these parameters. The thermal storage losses
are doubled in the second scenario, the number of housings connected to the DHN is increased to 110
in the third scenario and the electricity market prices are set to the year 2022 in the last scenario. As
a reminder, the electricity market prices in the reference scenario are set to those of the year 2023,
considered a typical year. This is in contrast to 2022, which experienced an energy crisis, leading to
significant fluctuations and peaks. All the scenarios are summarized in Table E

As long as 50 housings are connected to the DHN, there is no need for the installed power of the heat

pump to exceed 90 kWy,. The optimal design value of the heat pump is not much impacted by the
variation of the thermal losses in the thermal storage and the electricity market prices. Therefore, the
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Table 3: Optimal design values and LTSC for the four scenarios.

. 1 2 3 4
Scenarios Reference | Storage losses x2 | 110 housings | Grid prices 2022

Heat pump [kW] 85 87 193 88
Electrical heater [kW,] 22 10 1 22
Thermal storage [MWhy,] 102 63 137 102
Photovoltaic panels [kW.] 59 43 70 70
Batteries [kWh,] 0 0 0 36

LTSC (€/MWhy,) 102.7 108.3 79.2 123.2

decision not to invest in a heat pump exceeding 100 kWy, is consistent. However, if more housings are
connected to the DHN, the optimal design value of the heat pump will increase accordingly.

The electrical resistances have an installed power that varies depending on the thermal storage capacity
to meet fluctuating heat demand. They play an essential role in the system, achieving the desired per-
formance with instantaneous power changes, and are used to handle peak loads. Having a few dozen
kilowatts installed for the electrical heaters should be sufficient to cover peak loads and provide a backup
solution in case of scenario changes.

The installed capacity of the thermal energy storage never exceeds its limit of 140 MWhy, in any of the
scenarios. The available resources are then sufficient to optimally satisfy the thermal demand, even with
the variation of the concerned parameters.

The upper limit of 70 kW, for the photovoltaic panels becomes an active constraint when electricity
market prices are set to the year 2022 as it underwent significant fluctuations and reached peak values
during certain periods, making the photovoltaic panels more profitable. The limit of 70 kW, is also
reached when 110 housings are connected to the DHN.

The batteries are not included in the optimal energy mix in any of the scenarios, except in the third
scenario where the electricity market prices are set to the year 2022. Indeed, as for the photovoltaic
panels, the batteries become more profitable when the electricity market prices reach high peak values.

The self-sufficiency rates for scenarios 2, 3, and 4 are 28.5%, 22.6%, and 45.5%, respectively. These
rates decrease with the rise in storage losses and the number of residences connected to the DHN.
This decrease is consistent, given the limitations on the installed power of photovoltaic panels and the
increased electrical demand. The notable self-sufficiency rate in scenario 4 is attributed to the inclusion
of batteries. These batteries store excess energy and release it when needed, particularly during peak
hours when electricity costs are higher. None of the scenarios achieve a fully renewable system due to
economic impracticality.

The costs associated to the scenarios where 50 housings are considered (i.e. 1, 2 and 4) have a value
of respectively 102.7, 108.3 and 123.2 €/MWhy,. The scenario 1 is the reference scenario where the
thermal storage losses are set to their modeled value and the electricity market prices are set to the year
2023 which experienced a stable market. The increase of cost in the two latter scenarios results from
the variation of impactful parameters to a worst scenario case. The scenario 3 experiences a low LTSC
of 79.2 €/MWhy,, which is due to several reasons. The fixed costs of the system infrastructure and the
DHN are distributed across a greater number of residences, resulting in a reduced per-unit energy cost.
Additionally, the per-unit investment cost for production of energy services, such as those provided by
heat pumps, decreases with larger systems. Such systems frequently improve energy production and
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distribution efficiency, possibly due to better resource utilization or infrastructure optimization. The
thermal storage, which incurs a minor cost, also helps to reduce the need for peak power production.

The ability to vary the most significant parameters and studying worst-case scenarios helps the designer
to set an upper limit on the total cost, ensuring it never exceeds a certain threshold value. The quick and
simplified design allows for preliminary decision-making in an early stage of a project. Additionally,
it helps determining the significance of the parameter variations and their impact on the final outcome
compared to the reference scenario. This provides more precise estimates for subsequent work requiring
detailed models.

4 CONCLUSION

The present contribution is intended to propose a methodology for the rapid optimal design of an energy
system encompassing a large range of technical solutions for the conversion and the storage of energy. The
optimization problem approach is explicitly stated and can be reproduced by using available optimization
tools.

The optimal design values of the different components resulting from the application of the tool to the
reference scenario are consistent with the available resources, i.e. 400 m? of available surface for the
installation of photovoltaic panels and 6000 m? of available volume for the thermal storage. An optimal
sizing of the different components and their annual energy flows are obtained in a time frame of around
five minutes, subject to the computational capacity of the computer. Such an application framework is
extremely useful in a pre-study stage to determine the outline of the optimal energy system.
Furthermore, the tool evaluates the impact of design parameters on the optimal solution, like the electricity
prices or the storage losses, allowing for the study of worst-case scenarios and establishing upper limits
on installed power, capacity, and total cost.

A fully renewable system is not achieved due to economic impracticality. With the available resources, the
importation of electricity from the grid is deemed essential to meet energy requirements at an appropriate
cost.

The tool capability provides more accurate estimates for subsequent work requiring detailed models.
Consequently, the tool proves to be a valuable asset in the early phases of the construction process, as
for the ongoing project in Martelange, offering a quick and simplified design for preliminary decision-
making.

The presented tool still requires some improvements, such as the modeling and the coupling of the
district heating network to accurately account for thermal pipe losses. In this work, these losses are
assumed to be constant due to fixed pipe geometry. Electrical and thermal nodes are accounted for, but
the interconnecting flows between them are not considered. Additionally, the tool could benefit from
incorporating the sale of electrical energy to the grid, a factor not considered in this work. Certain
simplifications have been made, including the constant coefficient of performance of the heat pump. The
drawback of linear programming lies in the need to linearize non-linear cost functions, such as those
related to unit installation power or capacity, for instance. Nevertheless, the tool’s primary aim is to
offer a rapid overview of optimal design aspects within a few minutes timeframe, and it is not intended
to provide a detailed overview of the system, as that would require more resources and a longer timeframe.

NOMENCLATURE
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Abbreviations W Annuity factor ()
Vv Volume (m?)
DHN District Heating Network P Density (kg/m?)
PV Photovoltaic panels
LTSC Levelized Total System Cost Subscripts and superscripts
copP Coefficient of Performance
th thermal
Symbols el electrical
hp heat pump
0 Heat transfer rate (W) sto storage
W Power (W) batt batteries
0 Thermal energy (J) t time
w Electrical energy (J) rr ramp rate
c Cost (€) res electrical heater
n Efficiency (—) pv photovoltaic panels
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