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H I G H L I G H T S

∙ Flexibility calculation over multiple time steps contingent on a reference schedule.

∙ Technical flexibility assessment of multi-energy systems embedded in the design stage.

∙ Heat pump combined with thermal energy storage enhances electrical flexibility potential.

∙ Flexibility threshold identified between thermal energy storage and heat pump.
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A B S T R A C T

Multi-energy systems (MES) providing electrical flexibility will be essential for low-carbon power grids. With the 

aim of embedding flexibility provision into the design phase of local MES, the presented framework proposes a 

quantitative assessment of how the sizing of individual and interdependent components affects technical flexi-

bility. It identifies key components that either enhance or reduce the flexibility of MES. The framework includes 

a sensitivity analysis that provides valuable technical insights, such as a deeper understanding of limiting fac-

tors and interdependencies between components across energy vectors. Moreover, flexibility is quantified over 

multiple time steps in relation to a predetermined reference schedule, which is particularly important for energy 

systems that must submit their planned schedule in advance, thus ensuring constant flexibility provision for a 

specified duration. The adopted case studies, which use a residential building and a local energy community, un-

derpin the capabilities of the proposed framework and its applicability to energy systems with internal network 

constraints. One of the key findings is that the coupled flexibility from the heat vector significantly increases ac-

tive power flexibility, i.e., the range of increase and decrease in its active power during operation. This anchors 

heat pumps as a linchpin coupling component between electricity and heat in MES. Furthermore, the interdepen-

dence between the maximum thermal output of the heat pump and the thermal capacity of the hot water storage 

tank was quantified by a linear threshold relation, beyond which increasing the size of the heat pump does not 

improve system flexibility.

1. Introduction

The path to carbon neutrality by 2050 depends on the transition of 

fossil-fuel-based energy systems to low-carbon energy systems. In turn,

this is spearheaded by the increasing penetration of distributed energy 

resources (DER) [1]. Due to the variable nature of renewable DER and 

the growing electrification of other energy sectors such as heating and 

transport, flexibility in the electrical demand is crucial to ensuring a
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Nomenclature

Acronyms

BAT Battery

COP Coefficient of performance

ED Electric demand

HD Heat demand

HP Heat pump

HWS Hot water storage

LEC Local energy community

MES Multi-energy system

NOE Nodal operating envelope

OP Operating point

PCC Point of common coupling

PV Photovoltaic

SOC State of charge

TAC Total annualised cost

Design variables
hp

𝑄̇out Maximum thermal output power of heat  pump

𝐶bat
 des 

Battery capacity 

𝐶hws
 des 

Hot water storage capacity 

𝑃 pv
 nom Nominal active power output of PV array 

Indices and set

𝜏, D Time step index for flexibility duration, set of flexibility

time steps 

𝑐,  Component, set of all components 

𝑓,  Energy vector for flexibility calculation, set of energy vec

tors for flexibility calculation 

𝑖,  Storage component, set of storage components 

𝑠, S Scenario index, set of scenarios

-

𝑡, T Time step index, set of time steps 

𝑣,  Energy vector, set of all energy vectors

Operational variables

𝑄̇ 

𝑟
in/out Heating power input/output of component 𝑟

𝑏 

𝑖
ch Binary charging variable of storage component      𝑖
𝑓 pcc,ref
𝑠,𝜏 Value for vector 𝑓 at PCC for reference schedule at time

(𝑠, 𝜏)
𝑓 pcc
𝑠,𝜏 Value for vector 𝑓 at PCC at time (𝑠, 𝜏)
𝑓 r 

 𝑠,𝜏 Value for vector 𝑓 of component 𝑟 at time (𝑠, 𝜏)
∣𝑓 down  𝑑 

𝑠,𝑡 Downward flexibility for vector 𝑓 at time (𝑠, 𝑡) for duration

𝑑
𝑓flex
𝑠,𝑡 Flexibility for vector 𝑓 at time (s,  𝜏)

∣𝑓 up  𝑑 

𝑠,𝑡 Upward flexibility for vector 𝑓 at time (𝑠, 𝑡) for duration 𝑑
𝑜 s,t Operational variable value at time (𝑠, 𝑡)
𝑃 

𝑟
in/out Active power input/output of component 𝑟
𝑄𝑟in/out Reactive power input/output of component 𝑟
𝑆 

𝑟
in/out Apparent power input/output of component 𝑟

Parameters

Δ𝑡 Length of time step [h] 

𝜂pcc 

 Electrical efficiency at PCC 

𝜂  

 

𝑐 Efficiency of component 𝑐 

𝜅 

𝑖 Self-discharge time constant of storage 𝑖 [1/h]

𝜇 fix Annual fixed cost [%]

𝜇 var 

Annual variable cost  [€/kWh]

𝜓 Response time of flexibility [h] 

𝑑 Duration of flexibility [h]

𝑘 ann 

Annualisation factor 

𝑟 𝑖𝑘 

Resistance of line 𝑖𝑘 [Ω] 

𝑤 𝑠 

Weight of representative scenario  day 𝑠 

𝑥 𝑖𝑘 Reactance of line 𝑖𝑘 [Ω]

reliable power supply [2–4]. In this context, an integrated analysis of 

multi-energy systems (MES) can unlock further potential to provide elec-

trical flexibility [5,6]. Through the coupling of multiple energy vectors, 

MES can increase their flexibility and support power grid operation by 

offering several grid services, such as load shifting and demand response, 

proving that an integrated analysis of MES is essential for unlocking 

further flexibility [7–10].

There has been significant research in recent years regarding the op-

erational flexibility of MES. In particular, a comprehensive overview 

of distributed multi-energy systems modelling and their flexibility ap-

plications is presented in [7], focusing on the role of multi-energy 

networks restricting or enabling flexibility. Another study demonstrates 

how an innovative multi-energy district can provide electrical flexibil-

ity to multiple services as demand response under uncertainty [11]. In 

addition, the real-time provision of electrical flexibility for a local en-

ergy community (LEC) is demonstrated in [9,12]. The LEC, supported 

by a community energy storage system, provides ancillary services to 

the wider power grid through the provision of load flexibility and 

the sharing of battery capacity in real-time. Moreover, integrating 

hydrogen into energy systems, for instance by injecting it into exist-

ing natural gas networks, enables further electrical flexibility for the 

power system, as electrolysers can be operated as flexible loads [13]. 

It is shown that although the gas network’s operating conditions limit 

the overall flexibility contribution of electrolysers, power-to-gas units 

such as electrolysers can significantly increase power system flexibil-

ity. Similar to LECs, energy-intensive industrial process plants comprise 

multiple energy vectors, thus positioning them as MES that can provide 

flexibility. For instance, the demand-response flexibility of a cement 

production process can be utilised to minimise bid costs in sequential

energy markets [14]. Another study proposes a flexibility assessment 

tool for industrial processes in [15], where feasible operating regions 

are quantified in terms of the potential of a given industrial pro-

cess for the provision of grid services during operation. In another 

study, integrated flexible regions of an MES with process manufactur-

ing are evaluated to provide flexibility during operation [16]. Moreover, 

multiple uncertainties concerning the flexibility provision of industrial 

parks are investigated, introducing probabilistic integrated flexible re-

gions to describe the multi-energy adjustment capability of industrial 

parks [17].

Meanwhile, design and planning tools for MES focus on the economic 

part of their investment and the subsequent operation of the system. 

For instance, several revenue streams from participating in ancillary ser-

vice markets for multi-energy microgrids are considered in [18], [19], 

significantly influencing the optimal sizing of resources. Similarly, multi-

stage planning frameworks are proposed in [20] and [21] for industrial 

process plants, participating in frequency-balancing markets to create 

additional revenue, which in turn has an impact on new investments 

in process capacities for additional flexibility provision. In another 

study, the value of flexibility within a multi-energy production com-

pany is evaluated by providing flexibility services. These services include 

peak shaving, self-consumption optimisation and integrated demand re-

sponse, thus contributing to decarbonisation and the reduction of costs 

[22]. All of the tools mentioned above focus on the economic part of the 

investment, which is partly driven by the price arbitrage of market par-

ticipation. However, these tools do not provide technical insights into 

how operational flexibility is affected during the investment process, 

i.e., breaking down which components provide how much flexibility, 

the type of flexibility, the identification of interdependencies between
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individual components and what would happen if the component sizes 

change.

While research has either explored the operational aspects of MES 

flexibility or has analysed the cost-optimised investment and operation, 

a knowledge gap exists in the flexibility consideration embedded in the 

design phase of MES. In particular, the influence of individual com-

ponents on the electrical flexibility of MES has – to the best of our 

knowledge – not yet been explored. Here, the electrical flexibility pro-

vided by MES refers to the technical ability of the integrated system 

to dynamically adjust its electrical operating point by effectively util-

ising interconnected energy carriers. To bridge this gap, the presented 

work proposes a framework to quantify the impact of individual com-

ponent design on the provision of operational flexibility by MES. More 

specifically, the framework identifies the key design components that 

enhance or hinder the provision of technical flexibility, thus merging 

the design aspect of MES with their capacity to provide flexibility dur-

ing operation. An important aspect of this analysis involves a sensitivity 

analysis to quantify the precise impact of the design of each component 

on the overall flexibility of the whole system, and to identify interde-

pendencies between individual components. Instead of relying solely on 

economic considerations, detailed technical insights and identified inter-

dependencies between individual components provide a comprehensive 

understanding of system behaviour and identify key components that 

enable flexibility. By identifying critical components and their sensi-

tivities, stakeholders can make more informed decisions when facing 

uncertainties, for instance concerning prices and demand forecasts.

Moreover, existing literature on flexibility typically considers only 

the transition from one operating point to another for a given duration 

and response time. However, this approach does not account for the 

relationship to subsequent time steps of a reference schedule, which is 

likely to differ from the current operating point due to, e.g., time-varying 

demand or variable photovoltaic (PV) irradiation. The pre-determined 

reference schedule is particularly important for large consumers such 

as virtual power plants (VPPs) or industrial process plants, which must 

submit their planned schedule one day in advance [23]. Therefore, it 

is crucial to consider the reference schedule when computing flexibility 

over multiple time steps. To address this gap, the presented framework 

calculates operational flexibility in relation to a predetermined reference 

schedule, thus accommodating constant flexibility offers for the speci-

fied duration. The proposed framework allows for a more comprehensive 

technical understanding of the electrical flexibility and the interactions 

between components within MES. The key contributions of this paper 

are as follows:

• Flexibility calculation over multiple time steps in relation to a

predetermined reference schedule

• Technical assessment of electrical flexibility provision from MES

embedded in the design stage

• Impact assessment of individual component design on overall system

flexibility

• Sensitivity analysis to gain an understanding of interdependencies

between components and identify thresholds regarding system flex-

ibility, particularly for the heat pump as an energy vector-coupling 

component

The proposed framework is demonstrated on a residential building 

utilising electricity and heat as energy vectors, and a local energy com-

munity with several buildings including an internal power grid. These 

case studies serve as concrete examples for understanding the impact of 

component-level design on the provision of electrical flexibility and how 

the presented framework can offer valuable insights into the technical 

background of an MES providing flexibility in relation to a reference 

schedule. The rest of the paper is structured as follows: Section 2 de-

scribes the proposed methodology, followed by the presentation of the 

case study in Section 3. The case study results are provided and discussed 

in Section 4. Section 5 offers a conclusion to the study.

Fig. 1. Flowchart for the proposed algorithm.

2. Methodology

The suggested methodology builds on the optimisation-based nodal 

operating envelope (NOE) modelling framework for power systems, in-

troduced in [24]. It further develops this approach by embedding the 

flexibility assessment in the design stage within MES and thus investi-

gates the impact of component design. Moreover, this work addresses 

the provision of flexibility over multiple time steps in relation to the 

respective reference schedule of the MES, while also incorporating the 

intertemporal constraints of electrical and heat storage systems.

2.1. Integrated design and flexibility analysis framework

The proposed algorithm encompasses two main parts, as illustrated 

in Fig. 1, namely the reference case and the sensitivity analysis. During 

the pre-processing, the input data are clustered into representative sce-

nario days. The first part of the reference case is the optimisation of the 

design and operation of the MES. Based on this schedule, the flexibility 

at each time step is computed, considering the specified flexibility dura-

tion and response time. The outcome includes the maximum achievable 

upward and downward flexibility for active and reactive power at the 

point of common coupling (PCC), respectively.

The second part of the proposed framework consists of a sensitiv-

ity analysis, iterating through varying design sizes for each component 

while keeping the remaining components at their reference size. Similar 

to the reference case, the flexibility for active and reactive power is 

calculated for each time step for the specified duration and response 

time, resulting in a time series with the maximum upward and down-

ward flexibility for each time step. Note that this upward and downward 

flexibility relates to the previously optimised reference schedule at each 

time step. The details of the proposed methodology for the flexibility 

calculation for each time step are presented in Section (2.2). During post-

processing, the maximum flexibility values for each time step during
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the entire operation are subsequently aggregated, establishing a con-

nection between design choice and the calculated flexibility range for a 

comprehensive analysis.

Furthermore, NOEs are calculated to visualise the operational flexi-

bility at certain time steps. NOEs describe the time-varying active and 

reactive power limits during operation at the PCC where the MES can 

operate safely considering technical features such as response time, du-

ration and network constraints [25]. A separate NOE is calculated for 

each time step. Based on [24], we vary the reactive power from its 

minimum to maximum values as a constraint at the PCC. For each re-

active power value, the corresponding maximum and minimum active 

power are determined, resulting in a two-dimensional operating range 

that defines the limits for active and reactive power.

2.2. Flexibility calculation

As described in Section 2.1, the flexibility is calculated based on a 

previously determined design and optimal operation of the MES. In this 

study, flexibility is referred to as the technical ability to dynamically 

adjust the operating point by effectively utilising interconnected energy 

carriers. We define upward flexibility as the capability to increase the 

generation or decrease the consumption of the flexibility vector in re-

lation to the reference schedule, while downward flexibility is defined 

vice versa. The inputs for the flexibility calculation are the response time 

𝜓 which is the time until the changing operating point must be reached, 

and the flexibility duration 𝑑 which indicates the amount of time the 

deviation in operation must be provided for. Note that both upward 

and downward flexibility are assumed to be constant over the speci-

fied flexibility duration in relation to the reference schedule. Subject to 

the specified flexibility duration and response time, optimisations are 

performed at each time step for both upward and downward flexibility 

to quantify the system flexibility at the PCC. The flexibility is calculated 

during the reference case as well as for each iteration during the sen-

sitivity analysis as depicted in Fig. 1. In the following, we introduce a 

generalised formulation for the flexibility vector, However, in the re-

maining paper, we assume that the flexibility vector is active power. 

Note that alternatively, one could use reactive power or heating power.

The upward flexibility for the flexibility vector 𝑓 at each time step 𝑡 

of scenario day 𝑠 is maximised as follows:

max
𝑠∈S,𝑡∈T

𝑓 up ∣ 𝑑 

𝑠,𝑡 (1a) 

s.t. 𝑓 up ∣ 𝑑 

𝑠,𝑡 ≤ 𝑓 

flex
𝑠,𝜏 , ∀(𝑠, 𝑡) ∈ (S, T), (1b)

∀𝜏 ∈ D(𝑑), 

𝑓 

flex
𝑠,𝜏 = 𝑓 pcc,ref

𝑠,𝜏 − 𝑓 pcc
𝑠,𝜏 , ∀(𝑠, 𝑡) ∈ (S, T), (1c)

∀𝜏 ∈ D(𝑑), 

𝑓 pcc
𝑠,𝜏 = 𝜂 

pcc 

∑

𝑐∈
𝑓 

𝑟
𝑠,𝜏 , ∀𝑠 ∈ S, (1d)

∀𝜏 ∈ D(𝑑),

where 𝑓 ∈  = {𝑃 , 𝑄} for electrical flexibility with  ⊆  , 𝑑 is the flex

ibility duration, with the time steps 𝜏 in D(𝑑) ⊆ T as the time steps for 

flexibility provision in the set D, 𝜏 ∈ [ ∣𝑡, 𝑡 + 1, … , 𝑡 up  𝑑 

 + 𝑛−1], and 𝑓 and𝑠,𝑡

𝑓 down ∣ 𝑑
represent the upward and𝑠,𝑡  downward provision of flexibility for 

the flexibility vector 𝑓 over the flexibility duration of 𝑛 ⋅ Δ𝑡. Here, Δ𝑡 

pcc,ref
is the time step size, 𝑓𝑠,𝜏 is the energy vector value for the reference 

schedule and 𝑓 pcc
is the variable vector at𝑠,𝜏   the PCC for scenario 𝑠 at time 

instance 𝜏, which is subject to the balancing-node constraint of the en-

ergy vector presented in (

-

20) or the power flow equations presented in 

(21)–(26). The electrical efficiency at the PCC 𝜂 

pcc accounting for elec-

trical losses is included as part of the methodological approach. As the 

losses within buildings have a negligible impact on the system flexibility, 

the efficiency is assumed to be 1 within this work. Note the difference 

between the time instant 𝑡 and the time instant 𝜏; multiple instances 

of the latter (𝜏) must be considered for flexibility at the former (𝑡), de-

pending on the duration 𝑑. For instance, if the flexibility for one hour

is determined at 𝑡 = 30, then 𝜏 ∈ D = [30, 31, 32, 33] for 𝑑 = 1 h applies 

for Δ𝑡 = 0.25 h. For each time instant 𝑡, a new set of 𝜏 ∈ D is formulated 

similarly. The objective function in (1a) maximises the upward flexibil-

ity. (1b) constraints the upward flexibility at time instant 𝑡 as subject to 

the upward flexibility values at all time steps for which the flexibility 

should be determined, i.e., the maximum upward flexibility provision at 

the current time step 𝑡 depends on the possible upward flexibility of each 

of the time steps 𝜏 during the duration 𝑑. (1c) defines upward flexibility 

as the difference between the reference schedule value which is fixed 

from the previously determined schedule optimisation, and the variable 

active power at the PCC, which is adjustable as a variable. The over-

all upward flexibility is then equal to the smallest maximum upward 

flexibility of all time steps during 𝑑. (1d) includes the balancing-node 

constraint of the flexibility vector considering an additional efficiency 

factor.

Downward flexibility, in contrast, can be formulated as: 

min
𝑠∈S,𝑡∈T

𝑓 down ∣ 𝑑 

𝑠,𝑡 (2a) 

s.t. 𝑓 down ∣ 𝑑 

𝑠,𝑡 ≥ 𝑓 

flex
𝑠,𝜏 , ∀(𝑠, 𝑡) ∈ (S, T), (2b)

∀𝜏 ∈ D(𝑑), 

𝑓 

flex
𝑠,𝜏 = 𝑓 pcc,ref

𝑠,𝜏 − 𝑓 pcc
𝑠,𝜏 , ∀(𝑠, 𝑡) ∈ (S, T), (2c)

∀𝜏 ∈ D(𝑑), 

𝑓 pcc
𝑠,𝜏 = 𝜂 

pcc 

∑

𝑐∈
𝑓 

𝑟
𝑠,𝜏 , ∀𝑠 ∈ S, (2d)

∀𝜏 ∈ D(𝑑).

The difference in the calculation of the upward flexibility is that the 

downward flexibility is a negative value. Therefore, the downward flex-

ibility in (2a) is minimised rather than maximised, and the less than or 

equal to sign in (2b) changes to a greater equality sign.

A graph showing the upward and downward active power flexibility 

across multiple time steps is depicted in Fig. 2, and serves to visualise 

(1) and (2) using the example of active power. The lines represent the 

reference active power schedule and the bar graphs show the upward 

and downward active power flexibility for a duration of four time steps. 

The provision of flexibility at the investigated time step 𝑡 depends on 

the subsequent time steps 𝜏 for the flexibility duration. In this illustrated 

example, the PV array in Fig. 2 does not contribute upward active power 

flexibility due to the assumption that the active power generated by the 

PV array is fully dispatched. Only the electric battery (BAT) and the heat

t t+1 t+2 t+3 t+4

P [MW]

Time

Flexibility at time step t for
duration of 4 time steps

BAT
PV
HP+HWS

t t+1 t+2 t+3 t+4 Time

Flexibility at time step t+1 for
duration of 4 time steps

Fig. 2. Illustration of the flexibility calculation across multiple time steps using 

the example of active power. For a reference schedule, the bar graph shows the 

respective upward and downward active power flexibility at time step 𝑡 and at 

time step 𝑡 + 1, respectively, for a duration of four time steps.
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pump (HP) combined with the hot water storage (HWS) can provide up-

ward active power flexibility. The overall upward flexibility is equal to 

the smallest maximum upward flexibility of all time steps during 𝑑 as the 

flexibility provision is required to be constant. Depending on the prede-

termined reference schedule and the operation of each component, some 

time steps can offer more or less flexibility. Therefore, the optimisation 

shifts the active power provision of the existing storage systems to hours 

of the smallest maximum active power provision to maximise the overall 

maximum flexibility provision. This is especially evident in the down-

ward flexibility, where possible PV curtailment at 𝜏 = 𝑡 + 2 and 𝜏 = 𝑡 + 3 

allows for larger downward flexibility compared to 𝜏 = 𝑡. Therefore, the 

battery is charged to increase its active power demand, while the HP 

increases its electricity consumption to charge the HWS, thus providing 

the majority of the downward flexibility across both storage systems at 

𝜏 = 𝑡. 

2.3. Planning and operational modelling

This work adopts a component-oriented modelling approach, facili-

tating modular and scalable system design and operation, essential for 

MES. First, the energy component modelling in the case study under 

consideration is presented. Second, the objective function is described 

as used for the optimal design and operation of energy systems. 

2.3.1. Component modelling

Storage components. For 𝑖 ∈  = {BAT, HWS}: The governing

equations for the electric battery and the hot water storage are as 

follows: 

SOC 

𝑖
𝑡+1 =

(

1 − 1
𝜅 

𝑖

) 

SOC 

𝑖
𝑡

+ 

(

𝜂 𝑖in𝑃 

𝑖
in,𝑡 − 𝑃 

𝑖
out,𝑡∕𝜂

𝑖
out

) 

Δ𝑡,
(3)

𝐸 

𝑖 ≤ SOC 

𝑖
𝑡 ≤ 𝐸 

𝑖 

, (4)

𝑃 

𝑖 ≤ 𝑃 

𝑖 

in,𝑡 ≤ 𝑏 

𝑖
ch,t ⋅ 𝑃

𝑖
𝑡 

, (5)

𝑃 

𝑖 ≤ 𝑃 

𝑖
out,𝑡 ≤ (1 − 𝑏 

𝑖
ch,𝑡) ⋅ 𝑃

𝑖
𝑡 

, (6)

𝐸 

i 

= 𝐶 

𝑖
des, (7) 

Here, SOCi 

 represents the state of charge of the storage system and  

 𝜅 

𝑖

denotes the self-discharge time constant per hour. The constant charg

ing and discharging efficiencies 𝜂 

𝑖 arein/out  set at 0.95 for the BAT and 1

for the HWS. The charging and discharging power 𝑃 

𝑖 arein/out  constrained 

𝑖by upper and lower limits. The SOC is restricted by a lower limit  

 𝐸 and
𝑖

an upper limit 𝐸 , with the latter being set as  

 the storage capacity 𝐶 

𝑖
des

design variable. For the HWS, we assume an ideal water storage without 

mixing effects and with perfect insulation [

-

26], with an allowed temper

ature difference of 20 

◦C. The binary  

 variable 𝑏 

𝑖
ch,t ∈ [0, 1] ensures that

the storage  

 is not charged and discharged simultaneously, with 𝑏 

𝑖
ch,t = 1

indicating charging and 𝑏 

𝑖
ch,t = 0 indicating discharging. 

-

Converter-based components. For 𝑘 ∈ K = {BAT, PV}: The electric bat

tery and the PV panel are converter-connected devices and can therefore 

adjust their reactive power consumption/generation as follows:

-

𝑆 

𝑘2 = 𝑃 

𝑘2 + 𝑄𝑘2 ≤ 𝑆 

𝑘 

2 

, (8)𝑡 𝑡 𝑡

−𝑆 

𝑘 ≤ 𝑄𝑘 ≤ 𝑆 

𝑘 , (9)𝑡

with 𝑃 

𝑘
𝑡 = 𝑃 

𝑘
in,𝑡 − 𝑃 

𝑘
out,𝑡, (10)

and 𝑄𝑘𝑡 = 𝑄 

𝑘
in,𝑡 − 𝑄𝑘out,𝑡. (11)

Here, 𝑆 

𝑘 represents the apparent𝑡  power of the component with the ther

mal limit of the converter 𝑆 

𝑘 , 𝑄 

𝑘 is the𝑡   reactive power and 𝑃 

𝑘 is𝑡  the

active power. For the PV panel 𝑃 

𝑘
in, =𝑡  0 ∀ 𝑡 ∈ T applies.

-

Photovoltaic array. The active power generation of the PV array is lim

ited by the global tilted irradiance pv 

 𝐺 of the sun, its efficiency 𝜂 and 

the total installed area 𝐴pv
 as follows:

-

0 ≤ 𝑃 

pv
𝑡 ≤ 𝜂 

pv ⋅ 𝐴 

pv ⋅ 𝐺, (12)

𝑃 

pv
𝑡 ≤ 𝑃 

pv 

nom. (13)

Heat pump. The HP model can represent air-to-water and water-to-

water HPs by incorporating a variable coefficient of performance (COP) 

based on the temperature levels at the evaporator and the condenser. 

The governing equations are based on [27] and were adapted to the 

following:

𝑄̇ 

hp
out,𝑡 = 𝐶𝑂𝑃 

hp
𝑡 ⋅ 𝑃 

hp
𝑡 (14)

COP 

hp
𝑡 = 𝐶𝑂𝑃 carnot,𝑡 ⋅ 𝜂hp

sys (15)

COP carnot,𝑡 =
𝑇 

hp
out,𝑡

𝑇 

hp
out,𝑡 

− 𝑇 

hp
in,𝑡

(16)

𝑏 

hp
op 𝑃 

hp ≤ 𝑃 

hp
𝑡 ≤ 𝑏 

hp
op 𝑃 

hp 

, (17) 

𝑄̇ 

hp
out,𝑡 ≤ 𝑄̇

hp
out, (18)

𝑄hp
𝑡 = tan (𝜑 

hp ) ⋅ 𝑃 

hp
𝑡 . (19)

Here, 𝑃 hp 

 represents the electric power input of the HP, which is lim
hp

ited by its lower part-load limit 𝑃 hp 

 and its maximum output power 𝑃 , 

𝑄̇hp
 isout  the thermal output power which is limited by the design variable 

hp
𝑄̇ hp

.out  COP          

 

represents the coefficient of performance of the heat pump,𝑡
COP carnot is the maximum theoretical COP given,𝑡  of the Carnot process  

hp
the input temperature at the evaporator 𝑇 andin,𝑡  the required output 

temperature at the condenser 𝑇 hp hp
out, .𝑡  𝜂sys is the system efficiency which is 

assumed to be 0.5 and thus constant, as the part-load behaviour of the 

compressor of the HP does not have a large impact on planning stud

ies and further lifts the computational burden [

-

-

28]. The binary variable 

𝑏hp
 op ∈ [0, 1] indicates whether the heat pump is operating, thus ensuring

hp
the upper and lower power limit

 

 for 𝑏 op = 1. Note that depending on the 

type of in
 heat pump, 𝑇hp, is𝑡  either the temperature of the low-temperature 

district heating (LTDH) network (water-to-water HP) or the ambient 

hp
temperature (air-to-water HP). Furthermore, 𝑇 isout,𝑡  equal to the in

put temperature requirement in the building, which is calculated based 

on the heat curve, with higher temperatures for lower ambient tem

peratures, and vice versa [

-

-

29]. The reactive power consumption of the 

HP 𝑄hp
depends on the active𝑡  power consumption based on a constant 

power factor cos(𝜑hp
 ). 

The PQ flexibility capabilities of the presented components are de-

picted in Fig. 3. The battery is limited by its inverter rating, the PV array 

with its inverter is subject to its power factor limit of 0.9, and the HP has 

a constant inductive power factor of 0.9. It is assumed that the response 

time 𝜓 for the battery and the PV array is a few seconds. The inter-

nal control of the HP’s compressor from the manufacturer could limit

Fig. 3. Active power (P) and reactive power (Q) flexibility capabilities of the re-

sources considered: battery, PV array, and heat pump. Note that positive values 

indicate consumption and negative values indicate generation.
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the ramping of the HP [30], however, we assume a response time of a 

few minutes in this work. Therefore, the active and reactive power of 

all components can increase from minimum to maximum power values 

within the considered time step of 15 min and vice versa.

2.3.2. Energy vectors and power grid

The respective energy vectors of the components within the MES are 

connected and balanced. For each energy vector 𝑣 in the set of vectors 

 , balancing-node constraints balance the demand and generation of 

the respective vector for all components in the set  with a connector 𝑣 

𝑐 

associated with this energy vector, which is formulated as

∑

𝑐∈
𝑣 

𝑐
𝑠,𝑡 = 0, ∀ 𝑣 ∈  , ∀ (𝑠, 𝑡) ∈ (S, T), (20)

where  = {𝑃 , 𝑄, 𝑄̇ }, with 𝑃 and 𝑄 representing active and reactive

power, respectively, and 𝑄̇ 

 representing the heating power. The import

or export of active and reactive power for the energy vectors is included 

in each component.

Alternatively to balancing nodes, dedicated components can be cre-

ated to represent energy networks and their underlying equations. 

The power grid is integrated based on the linear distribution flow 

(LinDistFlow) equations assuming a directed graph suitable for radial 

low-voltage and medium-voltage networks based on [31,32] as follows:

∑

𝑘∶𝑖→𝑘
𝑃 𝑖𝑘,𝑡 

= 𝑃 𝑗𝑖,𝑡 

+ 𝑃 𝑖,𝑡 (21) 

∑

𝑘∶𝑖→𝑘
𝑄 𝑖𝑘,𝑡 = 𝑄 𝑗𝑖,𝑡 + 𝑄 𝑖,𝑡 

, (22)

𝑊 𝑘,𝑡 = 𝑊 𝑖,𝑡 − 2(𝑟 𝑖𝑘 

𝑃 𝑖𝑘,𝑡 + 𝑥 𝑖𝑘𝑄 𝑖𝑘,𝑡 

), (23)

(𝑈 𝑘 

) 

2 ≤ 𝑊 𝑘,𝑡 ≤ (𝑈 𝑘 

) 

2 

, (24)

|𝑃 𝑖𝑘,𝑡 

| + |𝑄 𝑖𝑘,𝑡| ≤ 

√ 

2𝑆 𝑖𝑘 

, (25)
[ 

|𝑃 𝑖𝑘,𝑡|, |𝑄 𝑖𝑘,𝑡 

| 

] 

≤ 

[ 

𝑆 𝑖𝑘 

, 𝑆 𝑖𝑘 

] 

(26)

where 𝑘, 𝑖 and 𝑗 represent electric buses, 𝑃 represents active, 𝑄 rep

resents reactive, and 𝑆 represents apparent power. 𝑊 𝑘 

is an auxiliary 

operational variable defined as the square of the voltage magnitude 𝑈 𝑘 

,

𝑟 is and𝑖𝑘  the line resistance   

 

𝑥𝑖𝑘 

is the line reactance. The voltage drop 

across lines is integrated with (

-

23), the voltage magnitude at each bus 

is kept within its limits by (24), while (25) and (26) constrain the active 

and reactive power flow across lines.

2.3.3. Objective function

For the reference case, the optimal design and operation of the MES 

are determined by minimising the total annualised cost (TAC). The TAC 

accounts for the initial investment cost (represented by 𝑖) of all com-

ponents, as well as the annual fixed cost (fix) and variable operating 

cost (var). Subject to the balancing node constraints in (20) and the 

component characteristics given further below in (3)–(19), the objective 

function

𝐶 𝑖 

⋅ 𝑘 ann 

+ 𝜇 fix ⋅ 𝐶 𝑖 + 𝜇 var 

∑ 

𝑠∈S 

𝑤 𝑠 

∑ 

𝑡∈T
𝑜 𝑠,𝑡 

Δ𝜏 (27)

is to be minimised, where S is the set of scenario days, T is the set of 

time steps with a chosen duration of Δ𝑡 in hours. 𝑤 𝑠 

is a weighting factor 

that considers the distribution of days within each cluster, and 𝑘 ann 

is 

the annualisation factor which converts the investment cost into equal 

annual payments. Assuming a lifetime of 20 years and an interest rate 

of 6 %, the annualisation factor is approximately 0.087/a. The annual 

fixed cost 𝜇 fix  

 

for maintenance depends on the overall investment cost 

𝐶 i  

 

. The variable cost 𝜇v ar is associated with the operational parameter 

values 𝑜𝑠,𝑡         

 

which represents the operational parameter value for a given

scenario day (𝑠) and time interval (𝑡), e.g., the value of active power 

or heating power. All the aforementioned parameters are component-

specific as listed in Table 1 for the investigated case study. The term 𝑜 𝑠,𝑡

Table 1 

Component parameter assumptions for the reference case.

Parameter Battery Heat pump PV array HWS

Lower limit 4 kWh 6kW th 4 kWp 8 kWh

Upper limit 10 kWh 15kW th 12 kWp 20 kWh

𝐶 𝑖 909 €/kWh 1300 €/kW th 941 €/kWp 97 €/kWh

𝜇 fix 

2.5 % 1.1 % 1.0 % 1.0 % 

Sources [34,35] [35,36] [34] [35,37]

represents the operational parameter value for a given scenario day (𝑠) 

and time interval (𝑡) which has cost associated, e.g., the value of active 

power or heating power. For further details on the two-stage stochastic 

problem formulation, readers can refer to [33].

3. Case studies

Two case studies are presented to illustrate the capabilities of the 

framework. The first proposed case study represents a residential build-

ing with electricity and heat as depicted in Fig. 4. It consists of both 

electric demand (ED) and heat demand (HD), an electric battery, a PV 

panel, a heat pump, and a hot water storage. The selected case study 

is chosen due to the relevance of HPs as the key coupling element of 

MES within the residential sector. Due to their connected four-quadrant 

power converter, the PV array and the battery can provide both up-

ward and downward reactive power flexibility, which depends on the 

active power setpoint, as depicted in Fig. 3. The thermal inertia of the 

building is not explicitly considered in this study due to the complexity 

of accurately estimating it in real-life cases and the limited availabil-

ity of real-time measurements required to leverage inertia-based control 

strategies. The building is connected to the external power grid at the 

PCC with active power and reactive power, which are combined as 

electricity in the figure for reasons of simplicity.

The second case study represents a small local energy community 

that consists of three identical buildings, as depicted in Fig. 5. The goal 

of this case study is to highlight how the proposed approach can also be 

used for scenarios with an internal, relevant energy grid. The buildings 

are structured as in the first case study above, with all three buildings 

having identical components and parameters. The components of the 

same type are equally sized across the buildings. The LEC further in-

cludes an internal power grid that is connected to the external grid at the 

PCC via a transformer. Moreover, the water-to-water HPs are connected 

to an LTDH network. Due to its efficient pipe insulation, the temper-

ature of the LTDH network is assumed to remain constant at 30 

◦ C.

Fig. 4. Internal structure of the presented case study. The electric demand (ED) 

is met by the electricity connection of the building, the battery (BAT), and the 

photovoltaic (PV) panel. The heat pump (HP) supplies the heat demand (HD) 

and the hot water storage (HWS), which can also supply the heat demand. The 

red lines represent the hot water flow and the yellow lines represent the active 

power flow. The arrows of the lines indicate the energy carrier flow direction. 

The dashed-line components are to be sized.
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PCC

LTDH

Building 1

PV

HWS

ED HD

HPBAT

Building 2

PV

HWS

ED HD

HPBAT

Building 3

PV

HWS

ED HD

HPBAT

Fig. 5. Internal structure of the local energy community including an internal 

electricity grid and a low-temperature district heating (LTDH) network. Three 

buildings are connected by power cables at 400 V and the point of common 

coupling (PCC) is at 10 kV. The dashed-line components are to be sized. Note 

that components of the same type have the same size across all buildings.

For both case studies, the components depicted with dashed lines are 

to be designed within their respective limits listed in Table 1, which 

further lists the component-specific parameter values for the objective 

function. The variable operating cost for active power is assumed to be 

𝜇 𝑣𝑎𝑟 

= 0.30 €/kWh and the remuneration for selling active power at the 

PCC, i.e., feeding into the grid, is set to 0.05 €/kWh. For the LEC, the 

apparent power limit of the transformer is 40 kVA, while all cables have 

an apparent power limit of 32 kVA.

The input data for heat and electric demand are based on a residen-

tial apartment building taken from [38], whereas the data for the solar 

irradiation are taken from [39]. The given time series are clustered by 

means of k-medoids, which has proven to be effective in aggregating 

time-series data in energy systems [40]. The time step length is 15 min, 

and the electricity import and export prices are assumed to be constant. 

1 

The model and algorithm presented in Section 2 are implemented in the 

Python-based modelling framework COMANDO [33] and performed on 

a 1.8 GHz Intel Core i7-1265U CPU with 32 GB of RAM using Gurobi 

10.0.1 [41].

4. Results

The results are presented in the following. Note that unless otherwise 

indicated, the analysed case study is the residential building equipped 

with a water-to-water heat pump. First, the operation of the reference 

schedule is analysed in Section 4.1. Second, the impact of the thermal 

vector is presented in Section 4.2. Third, the impact of an internal power 

grid is analysed using the example of the LEC in Section 4.3. Fourth, a 

sensitivity analysis regarding the individual component design is carried 

out and its results are analysed in Section 4.4. Subsequently, Section 4.5 

presents the relationship between the heat pump and the hot water 

storage in depth.

4.1. Operational schedule for multi-energy system

An initial design and operational optimisation is carried out to deter-

mine the reference design and schedule of the residential building, with 

the optimal design parameters listed in Table 2. The operational sched-

ule for the MES is depicted in Fig. 6 for all energy vectors. It can be 

seen that the first day represents a winter day with high HD and low PV 

generation, whereas the last day represents a summer day with low HD 

and high PV generation. The SOC of the BAT and HWS, depicted at the 

bottom of Fig. 6, are restricted to be at 50 % at the beginning and end 

of each representative day. This ensures that no energy is transferred 

between representative days.

1 For the sake of highlighting the technical assessment of MES flexibility pro-

vision, we assume flat electricity prices, resulting in the minimisation of losses. 

However, the tool is capable of handling variable price signals, which would 

result in a more complex optimisation problem.

Table 2 

Component sizes for the reference optimisation.

Component Battery Heat pump PV array HWS

Size 4 kWh 8.2 kW th 

12 kWp 10.8 kWh

The maximum and minimum possible values for both active power 

and reactive power at the PCC were calculated for each time step for a 

duration of 15 min. It is worth noting that the direction of flexibility is 

defined from the perspective of the external grid, i.e. upward flexibility 

indicates an increase in power generation or a decrease in consumption, 

while downward flexibility indicates a decrease in generation or an in-

crease in consumption at the PCC. During periods of discharged battery 

and HWS (e.g. The first day), the MES operates at its minimum active 

power set point, thus limiting its ability to provide upward flexibility. 

Conversely, when solar PV generates excess power compared to internal 

demand, the battery and the HWS are charged, resulting in increased 

upward flexibility potential by discharging the battery or exploiting the 

thermal energy of the HWS instead of the HP to meet the HD.

4.2. Impact of thermal vector on electrical flexibility

Here, the impact of the thermal vector within the integrated MES 

on the electrical flexibility at the PCC is presented. Therefore, the inte-

grated multi-energy reference case is compared to a similar system for 

which the HWS is removed, hereafter referred to as electricity only sys-

tem. Within the electricity only system, the HP cannot operate flexibly 

but needs to meet the HD for each time step, thus only the PV array and 

the BAT can provide electrical flexibility.

The NOEs for three arbitrarily chosen time steps are depicted in Fig. 7 

for two flexibility durations of 15 min and 60 min. As expected, the NOE 

area decreases as the flexibility duration 𝑑 increases. Comparing the in

tegrated multi-energy reference system with the case where the HWS is 

removed (electricity only), we observe a smaller NOE for the electricity 

only system compared to the integrated reference case for all three time 

steps and both flexibility durations. To quantify the difference in flexibil

ity potential between the two systems, the maximum flexibility values 

for all time steps across the operational schedule can be aggregated, 

e.g., 𝑡 a 

, 𝑡 b 

and 𝑡 c 

in 

-

-

Fig. 6 result in one maximum upward and downward 

flexibility value, respectively. The mean maximum values for upward 

and downward active power flexibility over all time steps increase by 

13.1 % for the integrated energy system compared to the electricity 

only system. This highlights the importance of integrated multi-energy 

flexibility assessment to understand the actual technical potential, and 

further emphasises the importance of coupling the heating sector with 

the electricity sector for increasing the electrical flexibility provision.

4.3. Impact of internal power grid

Here, the impact of the internal power grid within the second case 

study representing the LEC is analysed, which demonstrates the capabil-

ities of the proposed framework to handle energy network constraints. 

For all buildings, the same input data as for the single residential build-

ing is used. As the power grid does not constrain the operation in the 

reference case, the components in each building are sized identically to 

the single residential building as listed in Table 2.

Fig. 8 illustrates how the increase in battery capacity influences both 

the operation and the NOE of the LEC for several time steps. It can be 

observed for 𝑡b  

= 346, that different battery sizes can result in differ

ent operating points (OP) due to the newly optimised schedule for each 

design variation. Moreover, it can be seen that for 𝑡 a 

= 48, the maxi

mum active power consumption is limited at 32 kW, which is reached 

for double the reference size of the battery. Despite increasing the bat

tery capacity further, the maximum active power consumption cannot 

further increase. Similarly, for an increase and decrease of the reactive 

power consumption, the diagonal represents the apparent power limit

-

-

-
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Fig. 6. Reference schedule of the residential building, with active power at the top, reactive power in the middle and heat at the bottom of the figure. Positive values 

correspond to consumption and negative values represent generation, while positive values for the PCC represent electricity import, and negative values for electricity 

export. PCC max/min 

represents the respective maximum and minimum active and reactive power values for the duration of 15 min. For conciseness, the electric demand 

(ED) – including both active and reactive power – and heat demand (HD) are referred to as demand (DEM).

Fig. 7. Nodal operating envelope (NOE) and respective operating point (OP) 

of the overall system at three snapshot time steps 𝑡 a 

(Day 1, 12:00), 𝑡 b 

(Day 2, 

11:30) and 𝑡 c 

(Day 3, 14:30) for the reference case and the only electricity system 

providing flexibility.

of the cables at 32 kVA. As a comparison, the dashed line represents 

the NOE without power grid constraints, which results in a significantly 

larger NOE compared to the NOE with the power grid. Fig. 8 clearly 

indicates the limiting effect of the underlying electricity network on the 

flexibility at the PCC due to apparent power limits or voltage magnitude 

limits.

4.4. Sensitivity analysis of individual component design

In the following, a sensitivity analysis of the individual component 

design is presented. To focus on a simple case study and better un-

derstand the sizing sensitivities and interdependencies between MES 

components, the residential building is considered as the case study for 

the remaining part of this study, i.e., no internal power grid is included.

To compare the overall flexibility capabilities of the MES for differ-

ent individual component designs, the maximum flexibility values for 

all time steps across the operational schedule are aggregated within one 

data set. The given setup with four representative days and 15 min time

Fig. 8. Nodal operating envelope (NOE) for 60 min duration of the LEC at the 

PCC at three snapshot time steps 𝑡 a 

(Day 1, 12:00), 𝑡 b 

(Day 2, 11:30) and 𝑡 c 

(Day 

3, 14:30) for design variations of the BAT in relation to its respective reference 

design 𝐶 des 

. The operating points (OP) refer to the NOE with the respective de-

sign size colour, and the dashed line represents the NOE without the internal 

power grid.

steps results in 384 flexibility values for a given design. These values 

can be visualised in a box plot to quantify and compare the distribution 

and average upward and downward flexibility values of different com-

ponent designs. This is depicted in Fig. 9 for different component sizes 

of the PV array, providing insights into the impact of component sizing 

on overall system flexibility. For each box plot with the accompanying 

different PV array size, a cost-optimal reference schedule is determined, 

and for each time step the maximum upward and downward flexibil-

ity is calculated depending on the desired flexibility duration. With an 

increasing PV size (while other components remain at their reference 

size), the downward flexibility 𝑃 down 

increases significantly due to the 

higher curtailment potential, while the upward flexibility 𝑃 up 

remains 

relatively constant. The widening interquartile range and the increase 

in outliers for downward flexibility with increasing PV sizes indicate 

a broader distribution of the maximum downward flexibility. This can 

be explained by the limited availability of active power PV generation, 

which is only available during hours of solar irradiation. During these
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Fig. 9. Maximum active power flexibility (60 min duration) of the overall MES 

depending on the design variation for the PV array relative to its reference de-

sign. The green dashed lines represent the mean and the orange lines represent 

the median of the data set.

times, a larger PV panel can provide significant flexibility from curtail-

ment. In contrast, during hours when there is no solar irradiation, the PV 

array is unable to provide active power flexibility. The mean values as 

shown in Fig. 9 for upward flexibility 𝑃 up 

and downward flexibility 𝑃 down 

for a single variation of each component are shown in Fig. 10. A new 

operational optimisation is performed for each design combination (see 

Fig. 1). The resulting different schedules are the reason why an increas-

ing size results in decreasing upward flexibility for some components. 

However, the corresponding larger increase in downward flexibility re-

sults in an overall increased NOE. Furthermore, it can be observed that 

increasing the size of the HP individually does not change its flexibility 

above its relative size of 1.5, which can be attributed to the interde-

pendence between the HP and HWS, where the fixed size of the other 

restricts the size of one component. The thermal inertia of the build-

ing is not explicitly modelled, which means that the HP cannot operate 

flexibly on its own, as it must meet the predetermined inflexible heat 

demand of the building. A combined approach was therefore adopted to 

overcome this identified constraint and to assess the system flexibility 

for these components, increasing both the HWS and HP sizes simultane-

ously and resulting in increasing downward flexibility as shown in the 

right column of the figure.

The additional investment cost and total annualised cost per unit in 

relation to the reference case are shown in Fig. 11. It can be seen that 

due to the low investment cost of the HWS, increasing its size along 

with the HP increases the mean active power flexibility provision of the 

overall system significantly.

To assess the difference between air-to-water HP and water-to-water 

HP in terms of electrical flexibility provision, Fig. 12 depicts the mean

Fig. 10. Mean of maximum active power flexibility values (60 min duration) 

of the overall MES in relation to the reference case varying one component at 

a time. The flexibility per unit refers to the sum of the means for upward and 

downward flexibility in the reference case.

Fig. 11. Investment cost and total annualised cost of the overall MES in relation 

to the respective cost for the reference case. The total annualised cost does not 

include any remuneration for flexibility provision.

Fig. 12. Mean of maximum active power flexibility values (60 min duration) of 

the overall MES in relation to the reference case varying one component at a 

time for the air-to-water heat pump. The flexibility per unit refers to the sum of 

the means for upward and downward flexibility in the reference case with the 

water-to-water heat pump.

values for upward and downward flexibility for individual component 

variations. Note that per-unit values refer to the flexibility of the en-

ergy system with the water-to-water HP. Furthermore, the component 

sizes of this system are identical to the system with the water-to-water 

HP. For the reference case with relative component sizes of one, both 

upward and downward flexibility values are higher than those of the 

water-to-water HP depicted in Fig. 10, with a combined increase of 

9.0 %. Moreover, a combined increase in air-to-water HP and HWS 

further amplifies the difference in active power flexibility provision be-

tween air-to-water and water-to-water HPs. The main reason for the 

larger electrical flexibility potential lies in the lower COP and thus the 

higher electricity consumption of the air-to-water HP due to the lower 

temperature at the evaporator.

4.5. Interdependency between heat pump and hot water storage

In addition to the individual analysis of each component, we explore 

the interdependencies influencing the provision of flexibility within the 

MES by varying two components at a time. Fig. 13 shows the mean val-

ues for upward and downward flexibility when varying two components 

at a time for the HP and HWS. As shown above, increasing the size of the 

HP alone above its relative size of 150 % does not increase the flexibil-

ity potential of the MES. However, as the size of the HWS is increased, 

there is an initial increase in flexibility with the subsequent increases in 

the size of the HP. Beyond a certain threshold of the HP size, flexibility
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Fig. 13. Mean of maximum active power flexibility values (60 min duration) of 

the overall MES in relation to the reference case when varying two components 

at a time for the heat pump (HP) and hot water storage (HWS). The red boxes 

indicate the maximum mean flexibility values for a given HWS size.

Fig. 14. Mean of maximum active power flexibility values (60 min duration) of 

the overall MES in relation to the reference case when varying two components 

at a time for the heat pump (HP) and hot water storage (HWS). The flexibility 

per unit refers to the sum of the means for upward and downward flexibility in 

the reference case.

reaches a plateau, indicating that further investment in a larger HP with

out increasing the size of the HWS will not result in greater flexibility. 

This threshold can be identified as the ratio of the maximum thermal
hp

output power of the HP 𝑄̇ to theout  thermal capacity of the HWS 𝐶hws
 .des  It 

can be seen from 

-

Fig. 13 that – for the given case study – both the upper 

and lower active power flexibility remain unchanged with an increase 

in HP size above the relative ratio of 1.5. These values are highlighted 

by the red boxes, indicating that increasing the HP size while keeping 

the size of the HWS unchanged, i.e., moving up in each column, does 

not increase the upper or the lower flexibility. By using the component 

sizes from the reference optimisation in Table 2, and applying linear re

gression to the identified threshold values indicated by the red boxes, 

the linear relation for the threshold maximum thermal output power of
hp

the HP 𝑄̇
 

, 

 

givenout, TH  the thermal capacity of the HWS, is as follows:

-

hp
𝑄̇out, TH = 5.89 + 0.56 𝐶hws

 des [kW th 

].

Increasing the size of the HP above this threshold will therefore not re-

sult in any gain in flexibility, which means that investments should be 

made in a larger HWS. For instance, for the given case study, if the HWS 

size is 27 kWh, then an HP with a maximum thermal output larger than 

20.5 kW th 

does not increase the flexibility of the overall system. This can

be seen in the reference case where for a relative HWS size of 2.5, an in

crease of the HP above 20.5 kW th 

does not result in any improvement in 

system flexibility. These findings highlight the importance of the energy 

storage capabilities of heat pumps in improving flexibility within MES.

-

For a more detailed visualisation, Fig. 14 depicts the total active 

power flexibility, i.e., the sum of the mean upward flexibility 𝑃 up 

and the 

downward flexibility 𝑃 down 

, with a higher level of granularity. It further 

emphasises the impact of the HWS size on the improvement in overall 

flexibility by clearly visualising the plateaus for a fixed HWS size, above 

which an increase in HP size does not lead to any improvement in flexi-

bility, thus underlining the importance of the energy storage capabilities 

of heat pumps when it comes to flexibility considerations.

5. Conclusion

This study presents a technical framework for quantifying the impact 

of component design choices on providing flexibility in multi-energy 

systems during their design phase. The framework identifies key com-

ponents that enable or reduce flexibility. Furthermore, it allows for a 

quantified flexibility analysis over multiple time steps that is depen-

dent on a predetermined reference schedule while considering different 

durations of flexibility. Two case studies underpin the capabilities of 

the proposed framework and provide valuable insights into electrical 

flexibility provision by local multi-energy systems. It was shown that

integrating the heat vector significantly increases the electrical flexi-

bility potential of multi-energy systems. Moreover, the impact of each

component’s size on the overall flexibility of the system is analysed

and quantified, and interdependencies between components are identi-

fied. The presented framework enables a deeper technical understanding 

of the complex multi-energy interdependencies between components, 

including network constraints.

However, several assumptions in this study might limit its findings. 

First, assuming a constant COP may overestimate the efficiency of the 

HP under part-load conditions, thus potentially affecting its flexibility 

provision. Second, the HP might not be able to fully ramp up or down 

within 15 min, which would also reduce its flexibility. Future work could 

address these issues by integrating a variable COP and adding ramping 

constraints, which could be implemented with minimal modification in 

the presented framework. Third, the quantity and quality of the cho-

sen representative days may influence the estimated flexibility, and thus 

should be selected carefully. Finally, the local energy community con-

sists of identical buildings. Future studies could apply the framework 

to more diverse energy communities with varying household types or to 

complex multi-energy systems such as industrial process plants that inte-

grate additional energy vectors, e.g., gas. Furthermore, co-optimising the 

component sizing and the flexibility provision by integrating economic 

flexibility markets is the subject of ongoing work. These advances will 

help contribute to a more comprehensive understanding of how plan-

ning decisions affect the electrical flexibility of multi-energy systems 

and vice versa, which could guide investment decision processes within 

MES offering flexibility services.
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