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Disclaimer

The content and views expressed in this material are those of the authors and do not
necessarily reflect the views or opinion of the ERA-Net SES initiative. Any reference given
does not necessarily imply the endorsement by ERA-Net SES.

About ERA-Net Smart Energy Systems

ERA-Net Smart Energy Systems (ERA-Net SES) is a transnational joint programming
platform of 30 national and regional funding partners for initiating co-creation and
promoting energy system innovation. The network of owners and managers of national
and regional public funding programs along the innovation chain provides a sustainable
and service oriented joint programming platform to finance projects in thematic areas
like Smart Power Grids, Regional and Local Energy Systems, Heating and Cooling
Networks, Digital Energy and Smart Services, etc.
Co-creating with partners that help to understand the needs of relevant stakeholders, we
team up with intermediaries to provide an innovation eco-system supporting consortia
for research, innovation, technical development, piloting and demonstration activities.
These co-operations pave the way towards implementation in real-life environments and
market introduction.
Beyond that, ERA-Net SES provides a Knowledge Community, involving key demo
projects and experts from all over Europe, to facilitate learning between projects and
programs from the local level up to the European level.
www.eranet-smartenergysystems.eu
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EXECUTIVE SUMMARY
The report at hand is the deliverable D1.2. of work package WP1 of the Flexi-Sync project
which summarizes how flexibilities on the design and planning level can relate to
operational flexibility. The deliverable summarizes the results from task T1.3 which is
defined as follows:
Task 1.3 is “Design for operational flexibility”, in it the principles and aspects
that need to be consider on the design stage to enable operational flexibility
are considered. There will be an interaction with WP2 and WP3 to safeguard
the applicability in these contexts.
The deliverable describes an approach on how the design flexibility can be considered in
the optimization problem for operational flexibility. It is also discussed how a simulationbased approach can be used to assess if design flexibility will violate operational
constraints in production and distribution of heat or cold.
The results reported in D1.2 will be used in Task T1.2, and subsequently in WP4. The work
has been conducted starting in M12 and concluded in M21.
The main conclusion is that the planning, design, and optimization of operation can be
treated in a combined way such that a so-called co-design can be achieved for district
heating and cooling (DHC) systems. By that bottle necks and limitations in the operation
can be avoided and the overall equipment efficiency can be increased. Hence, a smart
design approach is realized achieving a better performing DHC systems right from the
start and a better integration of the engineering activities on all system levels supporting
investment decisions.

CONTRIBUTION
Main contributors to the deliverable Khalid Atta and Wolfgang Birk from LTU. Further,
the work on the optimization problem from T1.2 was performed by Maryam Razi (LTU).
The interaction between the work packages and getting feedback on how to integrate
the design aspects and climatic effects into the optimization problem was jointly done
together with Vahid Nik (Chalmers), Érika Mata (IVL), and Dmytro Romanchenko (IVL).
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1 INTRODUCTION
Flexibility in energy system has been studied for quite some time where concepts like
demand response (DR) or automated demand response (ADR) are used to exploit the
available energy flexibility to mitigate peak load events in the energy system. For a long
time, the focus of study has been electrical grids, but more recently heating and cooling
grids and the combination of both grid types have been studied.
The aim of T1.3 was to propose an approach on how to integrate the flexibility
assessment, quantification, and exploitation on all system levels. The work therefore
builds on the results reported in D1.1 and on the progress made on the optimization
problem in T1.2.
1.1

Scope - Control and optimization of operation

The Flexi-Sync project has a wide scope when it comes to flexibility in district heating and
cooling systems considering levels from planning and design down to low-level
operation and consumer thermal comfort aspects. In Figure 1, a typical hiearchy is
depicted explaining the interdependencies of the levels, where methodologies on the
higher level use aggregated information from the lower levels and imposing boundary
conditions on the lower levels. For each of these levels the typical time scales are given
and the associated model types to represent the system behaviour are given.

Figure 1: Hierarchical levels according to time scales and associated types of models used for representing the
system, and for characterization and assessment of flexibility.

The scope of work package 1 is on control and optimization of operation, which is
reflected in time scales up to hours and at most days, and thus only encompassing the
lower levels. Moreover, the thermal grid, buildings and thermal storage are considered,
alongside with wear and tear on components and economic aspects in terms of boundary
conditions.
To characterize the available flexibility in a district heating/cooling system, models
representing the system are needed. Depending on the time scale different types of
models are used, as shown in Figure 1. Clearly, the time granularity and the primary
source of information differ for the design, implementation, and operation of a solution
that makes use of flexibility.
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1.2

Organization of the report

The report is organized as follows. First, in section 2, an update of the optimisation
problem is given as it has been developed further since D1.1 which enables the
integration of the results from WP2, WP3 and WP5. Thereafter, it is explained how the
results from WP2 and WP5 can be translated into constraints and parameters of the
optimization problems in section 3. Finally, in section 4 it is described how the feasibility
of the design flexibility from WP2 can be assessed from an operational optimization
perspective.
The report will refer to the following deliverables of the Flexi-Sync project using their
identifier D1.1 and D5.2:
•

D1.1: Flexibility Characterization and Assessment Methodologies

•

D5.2: Report on Maintenance Effects on Installed Flexibilities in Demosites

2 OPTIMIZATION PROBLEM FOR OPERATIONAL FLEXIBILITY
This section states the optimization problem and how flexibility can be quantified for
operational optimization as it has been further developed from the deliverable D1.1 of
work package 1.
Understanding the optimization problem and how it is structured is important for the
integration of climate flexibility and design flexibility aspects in the optimization problem.
The generic optimization problem as stated in D1.1 is given and its further development
thereafter. In addition, the methodology to quantify the flexibility is given more in detail
as it will be applied in the pilot site cases.
2.1

Generic setup of the Optimization Problem

For the sake of completeness of this report we will state the generic optimization problem
again as a starting point.
In general, optimization of a dynamic system can be described by the following formula,
like Arroyo et.al. (2018):
min 𝑄(𝑥, 𝑢, 𝜃𝑜 , 𝑑𝑒 )
𝑢

𝑠. 𝑡.

𝑥 + = 𝑓(𝑥, 𝑢, 𝜃𝑠 , 𝑑𝑒 )
𝑙𝐿 ≤ ℎ𝑖 (𝑥, 𝑢, 𝜃𝑖 , 𝑑𝑒 ) ≤ 𝑙𝑈
𝑔𝑖 (𝑥, 𝑢, 𝜃𝑒 , 𝑑𝑒 ) = 0

There, 𝑑𝑒 represent the exogeneous inputs to the plant reflecting an external input to the
problem, possibly measured or forecasted (e.g. outdoor temperature or energy prices),
𝑢 respresent the control (actuation) signals, 𝑥 denotes the states of the system (e.g. water
or room temperature), 𝜃𝑜 , 𝜃𝑠 , 𝜃𝑖 and 𝜃𝑒 represent the parameters describing the system
(e.g. the dimensions of the storage tank or the limits of the allowed temperature). The
parameters vectors 𝑙𝐿 and 𝑙𝑈 represent the lower and upper bounds for the constrained
vector valued function ℎ𝑖 (𝑥, 𝑢, 𝜃ℎ , 𝑑𝑒 ). Note that, the inequality constraints sometimes can
be written as ℎ𝑖 (𝑥, 𝑢, 𝜃ℎ , 𝑑𝑒 ) ≤ 0. We write it in the above format to make it clear to the
reader how flexibility is interpreted.
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The equation 𝑥 + = 𝑓(𝑥, 𝑢, 𝜃𝑠 , 𝑑𝑒 ) is a representation of the system dynamics in discrete
time state space form. Alternatively, it can be represented in continuous time as 𝑥̇ =
𝑓(𝑥, 𝑢, 𝜃𝑠 , 𝑑𝑒 ).
Note, all variables and parameters are time dependent and thus might change over time
but for the sake of readability and simplicity, we dropped the time argument.
The optimizer or controller will find the operational state that minimizes the objective
function(s) 𝑄(𝑥, 𝑢, 𝜃𝑜 , 𝑑𝑒 ), either single or multi objective, while not violating the
constraints. These objectives can be, for example, the operational cost, the consumed
energy, or the environmental impact.
2.2

Quantification of flexibility for operational optimisation

The quantification of flexibility can be stated as an optimization problem that exploit
available flexibility. To integrate exploitation of flexibility in the optimization problem the
operational limits for different components must be defined as constraints. Then, these
constraints will be added to the optimization problem. Resultingly, the optimization
problem solver will find the optimal solution that will utilize the defined limits (as
constraints) and in turn exploits the available flexibility. Here, we propose an explorative
and simulation-based approach to quantify the flexibility, by simulating the operation of
the complete system.
To simplify the optimization problem, a unified higher-level flexibility should be used to
describe the different system components. As explained earlier in D1.1, the higher-level
representation of flexibility will yield a model that 1) is faster to execute, 2) captures the
system dynamic at the appropriate time scale. Quantifying a certain flexibility, requires
using real-life or simulated process data and elevate to a higher level.
This means if the optimization problem is stated in terms of energy then for example
temperatures and water flows do need to be translated into energy.
The simulation-based procedure to quantify the flexibility has the following prerequisites
•

A validated simulator that can describe the whole plant at both in
terms of thermal and hydraulic behaviour, see Simonsson et. al.
(2021) for summary of such a modelling and simulation approach.

•

A realistic (validated) model that represents the component under
consideration for flexibility quantification.

•

A simplified model representing the component under flexibility
consideration:
1. At an appropriate timescale: the model should be simplified
such that the time scale matches the optimization problem’s
timescale
2. The physical parameters/variables should match the
optimization problem variables (i.e. the model should be
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described with the new level that match the optimization
problem level)
•

Historical data at the appropriate time scale.

When the prerequisites are fulfilled the following stepwise procedure can be applied
1. Integrate the component model within the simulator.
2. Simulate the overall plant with the recorded historical data.
3. Perform sufficiently many different simulations runs that cover most
of the operating conditions of the plant. It needs to be noted that
this can be an exhaustive task to perform and largely depends on the
execution speed to feasible from an engineering perspective.
4. Collect the simulated data and transform the component related
data into the level at which the optimization problem is realized (i.e.
convert the water flow, temperatures, into energy as in the case that
the optimization problem level is energy).
5. Filter and resample the data.
6. Use system identification principle based on the acquired data to
identify the parameters of the simplified model.
7. From the simplified model, determine the limits of the model and
deduce the parameters that quantify the flexibility of the component.
Remark: When deducing the parameters, one need to make sure that the simplified
model is valid within the considered operating conditions. For example, the storage tank
maximum charged energy and the maximum rates of the charge and discharge during
different operating condition can be transformed into equality constraints that will
describe the storage tank limits/ flexibility in the optimization problem. While the rate of
energy loss due to the isolation of the tank represent the parameters of the model are
restricting factors for the exploitation of the flexibility.
2.3

Pilot site adopted optimisation problem

In this section, the energy management optimization problem of a district heating and
cooling system (DHCS) is stated. This system consists of energy generation, distribution,
and consumption parts. In a DHCS, the thermal energy produced by generation units,
including CHP units and boilers on the heating side and chillers on the cooling side, is
carried by water medium in pipelines and pumped to primary heat exchangers. Then, it
is delivered to consumers by secondary heat exchangers.
To state the problem, time is discretized with zero-order hold. For a chosen sampling
interval ∆𝑡, discretization will give time instances 𝜏 = ℎ∆𝑡, ℎ = 0, 1, … . The optimization
problem is formulated in a model predictive control (MPC) framework with a prediction
horizon 𝑁. MPC is updated at every instant 𝜏. The time instant along the prediction
horizon of each update is represented by 𝑡 = 𝜏 + 𝑘∆𝑡, 𝑘 = 0, 1, … , 𝑁 − 1.
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As mentioned in Section 2.1, system dynamics impose constraints on the optimization
problem. Therefore, first, the DHCS model is given and then the objective function is
presented.
2.3.1

Pipeline model

The model of distribution part in the DHCS includes energy balance and mass flow
continuity equations in pipes and nodes. According to the first law of thermodynamic,
the energy flowing into one node is equal to the energy flowing out, Gu et.al. (2017).
Then,
𝑜𝑢𝑡
𝑖𝑛
∑𝑗∈𝑆 𝑒,𝑛 𝑄𝑝,𝑗
(𝑘 + ℎ|ℎ) − ∑𝑗∈𝑆 𝑠,𝑛 𝑄𝑝,𝑗
(𝑘 + ℎ|ℎ) = 0.
𝑝,𝑙

(1)

𝑝,𝑙

The delay time of the temperature change at the outlet of every pipe is calculated as, Gu
et.al. 2017 and Li et.al. (2020)
𝑡𝑑𝑒𝑙𝑎𝑦,𝑗 (𝑘 + ℎ|ℎ) = 𝐾𝑑𝑒𝑙𝑎𝑦 𝑣

𝐿𝑗
𝑗 (𝑘+ℎ|ℎ)

,

𝑗 ∈ 𝑆𝑝𝑠 ∪ 𝑆𝑝𝑟 .

(2)

To convert the delay time to the length of time interval in hour, 𝑡𝑑𝑒𝑙𝑎𝑦,𝑗 (𝑘 + ℎ|ℎ)/
(3600 Δ𝑡) is rounded up to 𝑘𝑑,𝑗 (𝑘 + ℎ|ℎ). By considering the delay time and energy loss
in pipes, thermal power at the outlet of pipes can be formulated by
𝑜𝑢𝑡
𝑖𝑛
(𝑘 + ℎ|ℎ), 𝑗 ∈ 𝑆𝑝𝑠 ∪ 𝑆𝑝𝑟 .
𝑄𝑝,𝑗
(𝑘 + 𝑘𝑑,𝑗 (𝑘 + ℎ|ℎ) + ℎ|ℎ) = (1 − 𝜇𝑙𝑜𝑠𝑠,𝑗 𝐿𝑗 )𝑄𝑝,𝑗

(3)

Because of wear protection for the pipes, the thermal power change is limited to
𝑎
(𝑘 + ℎ|ℎ) ≤ Δ𝑄𝑝 ,
Δ𝑄𝑝 ≤ ∆𝑄𝑝,𝑗

𝑎 ∈ {𝑖𝑛, 𝑜𝑢𝑡},

𝑗 ∈ 𝑆𝑝𝑠 ∪ 𝑆𝑝𝑟 .

(4)

To ensure stable operation of DHCS, the thermal power at the inlet and outlet of supply
and return pipes on heating side of DHCS is bounded according to
𝑎
(𝑘 + ℎ|ℎ) ≤ 𝑄𝑝𝑠,ℎ ,
𝑄𝑝𝑠,ℎ ≤ 𝑄𝑝,𝑗

𝑎 ∈ {𝑖𝑛, 𝑜𝑢𝑡},

𝑗 ∈ 𝑆𝑝𝑠

(5)

𝑎
(𝑘 + ℎ|ℎ) ≤ 𝑄𝑝𝑟,ℎ ,
𝑄𝑝𝑟,ℎ ≤ 𝑄𝑝,𝑗

𝑎 ∈ {𝑖𝑛, 𝑜𝑢𝑡},

𝑗 ∈ 𝑆𝑝𝑟 .

(6)

Similarly, the thermal power at the inlet and outlet of pipes on cooling side is limited as
𝑎
(𝑘 + ℎ|ℎ) ≤ 𝑄𝑝𝑠,𝑐 ,
𝑄𝑝𝑠,𝑐 ≤ 𝑄𝑝,𝑗

𝑎 ∈ {𝑖𝑛, 𝑜𝑢𝑡},

𝑗 ∈ 𝑆𝑝𝑠

(7)

𝑎
(𝑘 + ℎ|ℎ) ≤ 𝑄𝑝𝑟,𝑐 ,
𝑄𝑝𝑟,𝑐 ≤ 𝑄𝑝,𝑗

𝑎 ∈ {𝑖𝑛, 𝑜𝑢𝑡},

𝑗 ∈ 𝑆𝑝𝑟 .

(8)

According to Kirchhoff laws, the balances of flow in nodes is expressed as, Gu et.al. (2017)
and Zhou et.al. (2019)
∑𝑗∈𝑆 𝑒,𝑛 𝑚𝑝,𝑗 (𝑘 + ℎ|ℎ) − ∑𝑗∈𝑆 𝑠,𝑛 𝑚𝑝,𝑗 (𝑘 + ℎ|ℎ) = 0.
𝑝,𝑙

𝑝,𝑙

(9)

Pressure loss in pipe 𝑗 is formulated by
2
(𝑘 + ℎ|ℎ),
∆𝑃𝑝,𝑗 (𝑘 + ℎ|ℎ) = 𝜇𝑝,𝑗 𝑚𝑝,𝑗

𝑗 ∈ 𝑆𝑝𝑠 ∪ 𝑆𝑝𝑟 .
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The total pressure loss in the pipes is equal to the pressure supplied by all pumps, Gu
et.al. (2017),
∑ 𝑗∈𝑆𝑝𝑠 ∪𝑆𝑝𝑟 ∆𝑃𝑝,𝑗 (𝑘 + ℎ|ℎ) = ∑𝑖∈𝑆𝑝𝑢 𝑃𝑝𝑢,𝑖 (𝑘 + ℎ|ℎ).

(11)

The velocity of the medium in pipe 𝑗 is proportional to its flow and inversely proportional
to the diameter of the pipe and can be calculated by
𝑣𝑗 (𝑘 + ℎ|ℎ) =
2.3.2

𝑚𝑝,𝑗 (𝑘+ℎ|ℎ)
𝜌𝜋(𝑑𝑝,𝑗 /2)2

,

𝑗 ∈ 𝑆𝑝𝑠 ∪ 𝑆𝑝𝑟 .

(12)

Heat exchanger model

The thermal power in a primary heat exchanger is formulated as
𝑖𝑛
𝑜𝑢𝑡
(𝑘 + ℎ|ℎ) − 𝑄𝑝,𝑗
(𝑘 + ℎ|ℎ)) ∕ 𝜂ℎ𝑒,𝑖 = 𝑄𝑖 (𝑘 + ℎ|ℎ), 𝑗1 ∈ 𝑆𝑝𝑠,𝑖 , 𝑗2 ∈ 𝑆𝑝𝑟,𝑖 .
(𝑄𝑝,𝑗
1
2

(13)

The continuity of medium in the heat exchangers imposes, Gu et.al. (2017)
𝑚𝑝,𝑗1 (𝑘 + ℎ|ℎ) = 𝑚𝑝,𝑗2 (𝑘 + ℎ|ℎ),

𝑗1 ∈ 𝑆𝑝𝑠,𝑖 , 𝑗2 ∈ 𝑆𝑝𝑟,𝑖 .

(14)

The thermal power in a secondary heat exchanger can be calculated as
𝑁𝑧𝑚
𝑜𝑢𝑡
𝑖𝑛
(𝑘 + ℎ|ℎ) − 𝑄𝑝,𝑗
(𝑘 + ℎ|ℎ)) 𝜂ℎ𝑒,𝑚 = ∑ 𝑄𝑅,𝑖 (𝑘 + ℎ|ℎ) ,
(𝑄𝑝,𝑗
1
2
𝑖=1

(15)

𝑗1 ∈ 𝑆𝑝𝑠,𝑚 , 𝑗2 ∈ 𝑆𝑝𝑟,𝑚
Similarly, there is the continuity constraint on the secondary heat exchangers too.
2.3.3

Buildings model

The thermal network model of the building zones includes thermal resistance (R) and
thermal capacity (C), which have the capability to transmit and preserve thermal energy,
respectively. Different architectures of RC model can be considered, and the building
model is aggregated by several similar structural zone, Li et.al. (2020), Arroyo et.al. (2018),
and Jiang et.al (2018). Temperature change in a zone is expressed as
𝐶𝑧,𝑖 ∆𝑇𝑧,𝑖 (𝑘 + ℎ|ℎ) = 𝑓 (𝑇𝑎 (𝑘 + ℎ|ℎ), 𝑇𝑤 (𝑘 + ℎ|ℎ), 𝑄𝑅,𝑖 (𝑘 + ℎ|ℎ), 𝑄𝑟𝑎𝑑,𝑖 (𝑘 +
ℎ|ℎ)) Δ𝑡.

(16)

The comfort requirement of aggregated buildings should be fulfilled. Then, the indoor
temperature of buildings should be kept within the limits set by considering acceptable
comfort,
𝑇𝑧,𝑖 ≤ 𝑇𝑧,𝑖 (𝑘 + ℎ|ℎ) ≤ 𝑇𝑧,𝑖 .

(17)

Having a detailed model for the building enables the us to assess the effect extreme
climate conditions as scenarios and how operational flexibility is affected. Such extreme
climate conditions can be reflected in terms of the ambient temperature, but also wind
speeds, air humidity, and solar irradiation.
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In the currently suggested building model approach the ambient temperature 𝑇𝑎 is
available as a factor in (16). Analysing different climatic scenario will result in different
levels of thermal energy that can be stored in the building mass and will affect the
flexibility offered to the grid operation. Performing simulation-based what-if analysis for
the projected climatic scenario will provide the needed insights on how extreme climate
will disturb the operation of the current DHC system.
2.3.4

Thermal energy storage (TES) model

In the DHCS, thermal energy storages can be used for some reasons, e.g., peak shaving,
and cost optimization, Vandermeulen et.al. (2018). The thermal power of TES is
formulated by
𝑖𝑛
(𝑘 + ℎ|ℎ) −
Δ𝑄𝑠,𝑖 (𝑘 + ℎ|ℎ) = 𝜆𝑠,𝑖 (𝑄𝑠,𝑖 (𝑘 + ℎ|ℎ) − 𝑄𝑠0,𝑖 ) + 𝜂𝑖𝑛,𝑖 𝑄𝑠,𝑖

𝑜𝑢𝑡 (𝑘+ℎ|ℎ)
𝑄𝑠,𝑖

𝜂𝑜𝑢𝑡,𝑖

.

(18)

Thermal powers in TES model are limited by following constraints
(19)

𝑄𝑠,𝑖 ≤ 𝑄𝑠,𝑖 (𝑘 + ℎ|ℎ) ≤ 𝑄𝑠,𝑖
𝑖𝑛

(20)

𝑖𝑛
(𝑘 + ℎ|ℎ) ≤ 𝑄𝑠,𝑖
0 ≤ 𝑄𝑠,𝑖
𝑜𝑢𝑡

𝑜𝑢𝑡
(𝑘 + ℎ|ℎ) ≤ 𝑄𝑠,𝑖
0 ≤ 𝑄𝑠,𝑖

(21)

𝑖𝑛
𝑜𝑢𝑡
(𝑘 + ℎ|ℎ)𝑄𝑠,𝑖
(𝑘 + ℎ|ℎ) = 0.
𝑄𝑠,𝑖

(22)

The TES initial thermal power at the beginning of the time horizon is
𝑄𝑠,𝑖 (ℎ − 1|ℎ − 1) = 𝑄0,𝑖 .
2.3.5

(23)

Problem statement

The optimization problem objective is to minimize the thermal power production cost
while taking account of the income from the electricity market.
𝑁−1

min ∑ ( ∑ 𝛼𝑖 𝑄𝑖 (𝑘 + ℎ|ℎ) + ∑ 𝛽𝑐,𝑖 (𝑘 + ℎ)𝑄𝑖 (𝑘 + ℎ|ℎ)
𝑄𝑖 ,𝑢𝑖

𝑘=0

𝑖∈𝑆ℎ𝐺

𝑖∈𝑆𝑒𝑐

𝛽(𝑘 + ℎ)
−∑
𝑄𝑖 (𝑘 + ℎ|ℎ)
𝜙𝑖
𝑖∈𝑆𝐶

+ ∑ (𝛾𝑜𝑛,𝑖 (𝑢𝑖 (𝑘 + ℎ + 1|ℎ) − 𝑢𝑖 (𝑘 + ℎ|ℎ))𝑢𝑖 (𝑘 + ℎ
𝑖∈𝑆𝐺

+ 1|ℎ)
+ 𝛾𝑜𝑓𝑓,𝑖 (𝑢𝑖 (𝑘 + ℎ|ℎ) − 𝑢𝑖 (𝑘 + ℎ + 1|ℎ))(1

(24)

− 𝑢𝑖 (𝑘 + ℎ + 1|ℎ)))) Δ𝑡
+ ∑ (𝛾𝑜𝑛,𝑖 (𝑢𝑖 (ℎ|ℎ) − 𝑢𝑖 (ℎ − 1|ℎ − 1))𝑢𝑖 (ℎ|ℎ)
𝑖∈𝑆𝐺

+ 𝛾𝑜𝑓𝑓,𝑖 (𝑢𝑖 (ℎ − 1|ℎ − 1) − 𝑢𝑖 (ℎ|ℎ))(1 − 𝑢𝑖 (ℎ|ℎ))) Δ𝑡
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s.t.: (1) - (23)
𝑢𝑖 (𝑘 + ℎ|ℎ)𝑄𝑖 ≤ 𝑄𝑖 (𝑘 + ℎ|ℎ) ≤ 𝑢𝑖 (𝑘 + ℎ|ℎ)𝑄𝑖 , 𝑖 ∈ 𝑆𝐺

(25)

𝑠
(𝑘 + ℎ|ℎ), 𝑖 ∈ 𝑆ℎ𝐺
𝑄𝑖 (𝑘 + ℎ|ℎ) = 𝑄𝑖𝐷 (𝑘 + ℎ|ℎ) + ∑𝑗∈𝑆ℎ𝑇 𝛿𝑖,𝑗 𝑄𝑖,𝑗

(26)

𝑠
(𝑘 + ℎ|ℎ), 𝑖 ∈ 𝑆𝑎𝑐 ∪ 𝑆𝑒𝑐
𝑄𝑖 (𝑘 + ℎ|ℎ) = 𝑄𝑖𝐷 (𝑘 + ℎ|ℎ) + ∑𝑗∈𝑆𝑐𝑇 𝛿𝑖,𝑗 𝑄𝑖,𝑗

(27)

0 ≤ 𝑄𝑖𝐷 (𝑘 + ℎ|ℎ) ≤ 𝑢𝑖 (𝑘 + ℎ|ℎ)𝑄𝑖 , 𝑖 ∈ 𝑆𝐺

(28)

𝑠
(𝑘 + ℎ|ℎ) ≤ 𝑢𝑖 (𝑘 + ℎ|ℎ)𝑄𝑖 , 𝑖 ∈ 𝑆ℎ𝐺
0 ≤ ∑ 𝛿𝑖,𝑗 𝑄𝑖,𝑗

(29)

𝑗∈𝑆ℎ𝑇
𝑠
(𝑘 + ℎ|ℎ) ≤ 𝑢𝑖 (𝑘 + ℎ|ℎ)𝑄𝑖 , 𝑖 ∈ 𝑆𝑎𝑐 ∪ 𝑆𝑒𝑐
0 ≤ ∑ 𝛿𝑖,𝑗 𝑄𝑖,𝑗

(30)

𝑗∈𝑆𝑐𝑇
𝑠
𝑖𝑛
(𝑘 + ℎ|ℎ) = 𝑄𝑠,𝑗
(𝑘 + ℎ|ℎ) − 𝑄𝑗𝑟𝑠 (𝑘 + ℎ|ℎ), 𝑗 ∈ 𝑆ℎ𝑇
∑ 𝑄𝑖,𝑗

(31)

𝑖∈𝑆ℎ𝐺

∑

𝑠
𝑖𝑛
(𝑘 + ℎ|ℎ) = 𝑄𝑠,𝑗
(𝑘 + ℎ|ℎ), 𝑗 ∈ 𝑆𝑐𝑇
𝑄𝑖,𝑗

(32)

𝑖∈𝑆𝑎𝑐 ∪𝑆𝑒𝑐

∑ 𝑄𝑖 (𝑘 + ℎ|ℎ)
𝑖∈𝑆ℎ𝐺

= 𝑄ℎ,𝑑𝑒𝑚 (𝑘 + ℎ|ℎ) + 𝑄ℎ,𝑙𝑜𝑠𝑠 (𝑘 + ℎ|ℎ)
𝑖𝑛
(𝑘 + ℎ|ℎ) − 𝑄𝑖𝑟𝑠 (𝑘 + ℎ|ℎ)
+ ∑ (𝑄𝑠,𝑖

(33)

𝑖∈𝑆ℎ𝑇
𝑜𝑢𝑡
(𝑘 + ℎ|ℎ)) + ∑ 𝑄𝑖 (𝑘 + ℎ|ℎ)
− 𝑄𝑠,𝑖
𝑖∈𝑆𝑎𝑐

∑

𝑄𝑖 (𝑘 + ℎ|ℎ)

𝑖∈𝑆𝑎𝑐 ∪𝑆𝑒𝑐

= 𝑄𝑐,𝑑𝑒𝑚 (𝑘 + ℎ|ℎ) + 𝑄𝑐,𝑙𝑜𝑠𝑠 (𝑘 + ℎ|ℎ)

(34)

𝑖𝑛
𝑜𝑢𝑡
(𝑘 + ℎ|ℎ) − 𝑄𝑠,𝑖
(𝑘 + ℎ|ℎ))
+ ∑ (𝑄𝑠,𝑖
𝑖∈𝑆𝑐𝑇

𝜏𝑜𝑛,𝑖 (𝑢𝑖 (𝑘 + ℎ|ℎ) − 𝑢𝑖 (𝑘 + 1 + ℎ|ℎ))𝑢𝑖 (𝑘 + ℎ|ℎ)
𝑘

≤ (∑ 𝑢𝑖 (𝑛 + ℎ|ℎ)∆𝑡) 𝑢𝑖 (𝑛 + ℎ|ℎ)
𝑛=0
ℎ−1

(35)

+ ( ∑ 𝑢𝑖 (𝑛|𝑛)∆𝑡) 𝑢𝑖 (𝑛|𝑛), 𝑖 ∈ 𝑆𝐺
𝑛=𝜏1,𝑖
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𝜏𝑜𝑓𝑓,𝑖 (𝑢𝑖 (𝑘 + 1 + ℎ|ℎ) − 𝑢𝑖 (𝑘 + ℎ|ℎ))(1 − 𝑢𝑖 (𝑘 + ℎ|ℎ))
𝑘

≤ (∑ (1 − 𝑢𝑖 (𝑛 + ℎ|ℎ))∆𝑡) (1 − 𝑢𝑖 (𝑛 + ℎ|ℎ))

(36)

𝑛=0
ℎ−1

+ ( ∑ (1 − 𝑢𝑖 (𝑛|𝑛))∆𝑡) (1 − 𝑢𝑖 (𝑛|𝑛)), 𝑖 ∈ 𝑆𝐺
𝑛=𝜏2,𝑖

𝑟𝑢,𝑖 ∆𝑡 ≤ (𝑃𝑖 (𝑘 + 1 + ℎ|ℎ) − 𝑃𝑖 (𝑘 + ℎ|ℎ))𝑢𝑖 (𝑘 + 1 + ℎ|ℎ)𝑢𝑖 (𝑘 + ℎ|ℎ)
≤ 𝑟𝑑,𝑖 ∆𝑡, 𝑖 ∈ 𝑆𝐶

(37)

𝑟𝑢,𝑖 ∆𝑡 ≤ (𝑃𝑖 (ℎ|ℎ) − 𝑃𝑖 (ℎ − 1|ℎ − 1))𝑢𝑖 (ℎ|ℎ)𝑢𝑖 (ℎ − 1|ℎ − 1) ≤ 𝑟𝑑,𝑖 ∆𝑡,
𝑖 ∈ 𝑆𝐶

(38)

where 𝑃𝑖 = 𝑄𝑖 ⁄𝜙𝑖 , 𝑖 ∈ 𝑆𝐶 , and 𝜏𝑜𝑛,𝑖 ⁄∆𝑡 and 𝜏𝑜𝑓𝑓,𝑖 ⁄∆𝑡 are rounded down to 𝜏1,𝑖 and 𝜏2,𝑖 ,
respectively.
Remark: If penalties for starting up and shutting down unit 𝑖 are equal, i.e. 𝛾𝑜𝑛,𝑖 = 𝛾𝑜𝑓𝑓,𝑖 =
𝛾𝑖 , then the second and third terms in the objective function can be replaced with
2
𝛾𝑖 (𝑢𝑖 (𝑘 + 1 + ℎ|ℎ) − 𝑢𝑖 (𝑘 + ℎ|ℎ)) .
The equality constraint (33) can be replaced with
𝑖𝑛
(𝑘 + ℎ|ℎ) − 𝑄𝑖𝑟𝑠 (𝑘 + ℎ|ℎ))
𝑄ℎ,𝑑𝑒𝑚 (𝑘 + ℎ|ℎ) + 𝑄ℎ,𝑙𝑜𝑠𝑠 (𝑘 + ℎ|ℎ) + ∑ (𝑄𝑠,𝑖
𝑖∈𝑆ℎ𝑇

𝑜𝑢𝑡

𝑜𝑢𝑡
(𝑘 + 𝑡|𝑡), 𝑄𝑠,𝑖 ) + ∑ 𝑄𝑖 (𝑘 + ℎ|ℎ)
− ∑ min (𝑄̂𝑠,𝑖
𝑖∈𝑆ℎ𝑇

𝑖∈𝑆𝑎𝑐

≤ ∑ 𝑄𝑖 (𝑘 + ℎ|ℎ)

(39)

𝑖∈𝑆ℎ𝐺

≤ 𝑄ℎ,𝑑𝑒𝑚 (𝑘 + ℎ|ℎ) + 𝑄ℎ,𝑙𝑜𝑠𝑠 (𝑘 + ℎ|ℎ)
𝑖𝑛
𝑖𝑛
𝑜𝑢𝑡
(𝑘 + 𝑡|𝑡), 𝑄𝑠,𝑖 ) − ∑ 𝑄𝑠,𝑖
(𝑘 + ℎ|ℎ)
+ ∑ min (𝑄̂𝑠,𝑖
𝑖∈𝑆ℎ𝑇

𝑖∈𝑆ℎ𝑇

+ ∑ 𝑄𝑖 (𝑘 + ℎ|ℎ)
𝑖∈𝑆𝑎𝑐
𝑜𝑢𝑡
where 𝑄̂𝑠,𝑖
is thermal power of TES 𝑖 inserted in DHCS where 𝑄𝑠,𝑖 (𝑘 + ℎ|ℎ) = 𝑄𝑠,𝑖 , i.e. TES
𝑖𝑛
is fully discharged and 𝑄̂𝑠,𝑖
is power inserted in TES 𝑖 where 𝑄𝑠,𝑖 (𝑘 + ℎ|ℎ) = 𝑄 , i.e. TES
𝑠,𝑖

is fully charged. Similarly, constraint (34) can be replaced with
𝑖𝑛
(𝑘 + ℎ|ℎ)
𝑄𝑐,𝑑𝑒𝑚 (𝑘 + ℎ|ℎ) + 𝑄𝑐,𝑙𝑜𝑠𝑠 (𝑘 + ℎ|ℎ) + ∑ 𝑄𝑠,𝑖
𝑖∈𝑆𝑐𝑇

− ∑

𝑜𝑢𝑡
(𝑘
min (𝑄̂𝑠,𝑖

𝑜𝑢𝑡

+ 𝑡|𝑡), 𝑄𝑠,𝑖 ) ≤

𝑖∈𝑆𝑐𝑇

∑

𝑄𝑖 (𝑘 + ℎ|ℎ)

𝑖∈𝑆𝑎𝑐 ∪𝑆𝑒𝑐

(40)

≤ 𝑄𝑐,𝑑𝑒𝑚 (𝑘 + ℎ|ℎ) + 𝑄𝑐,𝑙𝑜𝑠𝑠 (𝑘 + ℎ|ℎ)
𝑖𝑛
𝑖𝑛
𝑜𝑢𝑡
(𝑘 + 𝑡|𝑡), 𝑄𝑠,𝑖 ) − ∑ 𝑄𝑠,𝑖
(𝑘 + ℎ|ℎ)
+ ∑ min (𝑄̂𝑠,𝑖
𝑖∈𝑆𝑐𝑇

𝑖∈𝑆𝑐𝑇

In (17), the comfort bounds are relaxed to
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𝑇𝑧,𝑖 − 𝜖𝑖 (𝑘 + ℎ|ℎ) ≤ 𝑇𝑧,𝑖 (𝑘 + ℎ|ℎ) ≤ 𝑇𝑧,𝑖 + 𝜖𝑖 (𝑘 + ℎ|ℎ)

(41)

where 𝜖𝑖 (𝑘) ≥ 0 can be random numbers, e.g. uniformly distributed random numbers.
If the optimization problem is not subject to buildings model and their temperature, then
the flexibility can be considered as
𝑄𝑅,𝑖 ≤ 𝑄𝑅,𝑖 (𝑘 + ℎ|ℎ) ≤ 𝑄𝑅,𝑖 .
2.3.6

(42)

Approach to solving the optimization problem

The optimal energy management of the DHCS is a mixed-integer and nonlinear program.
To solve this problem, an MPC can be employed. In MPC algorithms, at every time instant
𝜏 = ℎ∆𝑡, an objective function is minimized, and the set of future control inputs at 𝑡 =
𝜏 + 𝑘∆𝑡, 𝑘 = 0, 1, … , 𝑁 − 1 is calculated. Then, the first optimal value of the sequence is
applied, and the horizon is displaced towards the future.
The DHCS optimal control presented in the previous section aims to minimize cost of
energy production while considering the thermal energy storages, thermal inertia of
buildings, and delay time in pipelines. This problem is solved at every time instant, and
the optimal on/off state of thermal energy generation units and optimal power produced
by them are obtained.

3 CONSIDERING DESIGN FLEXIBILITY
Design flexibility is determined during design time and planning time of a DHC system
and thus, occurs and a longer time scale than the time scale at which the optimization of
operation occurs. It needs to be further noted that the design and planning addresses
future scenarios that might include the current DHC system or being a further
development of it. Hence, the design will determine the boundary conditions and would
need to be translated into the constraints and parameters of the optimization problem
for the operation.
The design of the DHS will dimension production units, thermal storages, and pipe
characteristics of the distribution system. Further, the thermal characteristics of buildings
will also be affected by the design. These characteristics and dimensioning numbers will
enter the optimization problem as constraints and parameters. Those will not only enable
a more flexible operation but could at the same time impose fundamental limitations
that cannot be circumvented and render performance limitations of the DHC system.
The constraints and parameters will now be related to the problem statement given in
section 2.3.
3.1

Production units

There are currently two types of units considered: CHP plant or heating/cooling plant.
While a CHP plant is a more complex units that is also determining for what end the
energy is used, a heating or cooling plant will have a sole purpose.
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Those boundary conditions will be characterized by the lower and upper bound of the
energy that can be produced as 𝑄𝑖 and 𝑄𝑖 in (25) and (28), respectively. From a design

perspective the upper bound will be given, but from an operational and plant design
perspective a lower bound is usually imposed as there is a minimal production level for
such a plant.
For the CHP plant there is also a ratio factor in place that determines the ratio 𝜙 between
production of electricity and heat. From a design perspective, there might be a constraint
available on that factor, but is not considered here.
3.2

Distribution

Usually, the distribution is characterized by dimensioning numbers relating to the pipes
and the placement. These numbers are needed to build the correct system model for the
operational optimisation and might not be known from the planning phase directly but
will be determined during the design phase of the plant.
Note, the pipe dimension will impose a fundamental limitation on the flow characteristics
and will limit the achievable performance for the distribution.
Along with the result described in D5.2 on the pipe wear it is possible to impose
constraints on the allowed fluctuations in the pipes. Such a wear protection factor is
chosen is introduced as Δ𝑄𝑝 and Δ𝑄𝑝 in (4). If this aspect is deemed neglectable, the
constraint can be removed from the optimisation problem.
3.3

Buildings

From a design and planning perspective, the thermal storage capacity of the building
mass is offering flexibility. In addition, the thermal comfort range of the residents over
time is also an important factor in terms of flexibility, but it is not design or planning
related.
The thermal capacity 𝐶𝑧,𝑖 in (16) of the comfort zones1 𝑖 need to be determined from a
design and planning perspective in the future scenarios. Depending on the degree of
aggregation in the design and planning, this parameter needs to be decomposed to the
correct level of detail.
3.4

Thermal Energy Storages

A thermal energy storage can be both charged and discharged and the main limiting
factor is the energy 𝑄𝑠 that can be stored, but there can be a lower limit as well denoted
𝑄𝑠 . The constraint is given in (19) and will be determined at the design and planning
stage.
Further, for the TES there might be constraints on the ability to charge or discharge
during a certain timeframe which is determined by operational and plant design

1

Comfort zones should not be confused with the thermal comfort range of a resident. A comfort
zones is a space in the building where a certain desired temperature set point is defined or
set.
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characteristics. Such constraints might be considered during the design and planning but
𝑖𝑛

𝑜𝑢𝑡

could be unconstrained. These performance limitations are given by 𝑄𝑠 and 𝑄𝑠 in (20)
and (21), respectively. Such constraints are directly affecting the ability to make use of
available flexibility from an operational perspective.

4 FEASIBILITY ASSESSMENT OF DESIGN FLEXIBILITY
Design flexibility is the result of an optimisation that is performed using the TIMES
modelling approach to optimize energy systems on a city or regional scale over long
term (years). The work is conducted within WP2 and results in a suggestion for a design
of an energy system in terms of its components and their dimension. The approach does
not use detailed models reflecting the operation and dynamic behaviour of the energy
system, i.e. the DHC system. While the result is used for design and planning activities, it
does not guarantee that the foreseen performance can be achieved or the foreseen
flexibilities in the system can be exploited in real life.
The operational optimisation determines the short-term operation with respect to
thermal but also hydraulic aspects of the DHC system. This is achieved using city-scale
dynamic simulation models that reflect the real-life system or in case of a green-field the
not-yet realized system. Nowadays, such a solution is also referred to as a digital twin. A
review of the topic and experiences from city-scale simulation projects are summarized
in Simonsson et. al. (2021).
The following prerequisites need to be available to perform the feasibility assessment of
design flexibility:
•

Dynamic simulation model reflecting the complete system capable of
simulating the hydraulic and thermal aspects with a time granularity of
at least one second.

•

Realisation of the optimisation and control scheme for simulation

•

Time series data reflecting different operational scenarios in terms of the
exogenous inputs. Exogenous inputs are independent variables in the
models that can be freely chosen. Those are usually consumer demands,
ambient climate conditions, operational conditions, economic and
environmental aspects.

•

Simulation environment enabling the integration of the system model
and the optimisation and control model with scenario-based exogenous
time series data.

•

Set of constraints and parameters translated from the design and
planning activities which are needed in accordance with sections 2.3 and
3.

•

Set of metrics that evaluates the performance of the DHC system using
simulation data and comparing it with the foreseen performance from
the design and planning stage.
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The assessment can now be performed in the following way
1. The different operational scenarios are simulated, and the performance
metrics are assessed.
2. During the simulation operational constraints of components in the DHC
system should not be violated. Those constraints are the following only
to mention some:
a. Pump speed constraints
b. Pressure and flow constraints in pipes
c. Temperature constraints in boilers and storage tanks
d. Volume constraints in storage tanks
3. If a violation occurs, it needs to be understood if the realized
optimisation and control scheme it too aggressive and can be adapted
to reduce violations or if these violations are acceptable. Acceptable
means that the performance metrics from above a still fulfilled and
components would remain unharmed.
If the assessment is successful, it is likely that the design and planning stage has achieved
a design flexibility which can also be expected to be achieved in the real-life system.

5 NEXT STEPS
Now that a formal approach is established to integrate the design and planning activities
with the operational optimization with respect to flexibility, there are some natural next
steps.
To simplify the interaction with the design and planning the parameters for the
constraints in the optimization problem can be collected in a list or database and then
can be exchange between the activities. During the final months of WP1 this list or
database will be established and then used jointly within WP4 and WP2.
The optimization problem will be further developed within T1.2 and then transferred to
WP4 for realization and evaluated during the pilot studies. The work with the pilot cases
in Mallorca and Berlin will also aid in understanding the limitations of the proposed
methodology.
The methodology, when validated in the simulated case of the city in Luleå, will be
reported as a key exploitable result. The methodology will comprise the statement of the
optimization problem its solution as well as the assessment and quantification of the
operational flexibility.

D1.2 | DESIGN FLEXIBILITY AND FLEXIBILITY CONSTRAINTS FOR OPTIMIZATION

- 18 -

Flexi-Sync

ABBREVIATIONS
Abbreviation
ADR
CHP
DC
DH
DHC
DHCS
DHS
DR
MPC
RC
TES

Explanation
Automated demand response
Combined heat and power
District cooling
District heating
District heating and cooling
District heating and cooling system
District heating system
Demand response
Model predictive control
Thermal resistance and thermal capacitance
Thermal energy storage

NOMENCLATURE
Symbol
̅
𝒂/𝒂
𝑪𝒛,𝒊
𝒅𝒑,𝒋
𝒉
𝑲𝒅𝒆𝒍𝒂𝒚
𝑳𝒋
𝒎𝒑,𝒋
𝑵
𝑵𝒛𝒎
𝑷𝒊
𝑷𝒑𝒖,𝒊
∆𝑷𝒑,𝒋

Unit
unit of 𝑎
kJ/°C
m
h
m
kg/s

𝑸𝒄,𝒅𝒆𝒎 /𝑸𝒉,𝒅𝒆𝒎

kW
Pa
Pa
kW

𝑸𝒄,𝒍𝒐𝒔𝒔

kW

𝑸𝒉,𝒍𝒐𝒔𝒔

kW

𝑸𝒊

kW

𝑸𝑫
𝒊
𝑸𝒔𝒊,𝒋
𝑸𝒓𝒔
𝒋

kW
kW
kW

𝒐𝒖𝒕
𝑸𝒊𝒏
𝒑,𝒋 / 𝑸𝒑,𝒋
𝑸𝑹,𝒊

kW

𝑸𝒓𝒂𝒅,𝒊
𝑸𝒔𝟎,𝒊
𝑸𝒔,𝒊
𝑸𝒊𝒏
𝒔,𝒊
𝑸𝒐𝒖𝒕
𝒔,𝒊

kW
kW
kW
kW
kW

kW

Description
minimum/maximum values of each parameter 𝑎
thermal capacity of zone 𝑖
diameter of pipe 𝑗
time instant
thermal delay coefficient of the pipelines
length of pipe 𝑗
mass flow rate in pipe 𝑗
prediction horizon
the number of buildings in substation 𝑚
electricity power produced by CHP unit 𝑖
pressure supplied by pump 𝑖
pressure loss in pipe 𝑗
total
demanded
thermal
power
on
cooling/heating side of DHCS
total thermal power loss on cooling side of
DHCS
total heat loss including heat loss on heating
side of DHCS and in absorption chillers
thermal power produced by energy generation
unit 𝑖
thermal power inserted in DHCS by unit 𝑖
thermal power inserted in TES 𝑗 by unit 𝑖
heat inserted in TES 𝑗 by other heat sources, e.g.
data centers
thermal power at the inlet/ outlet of pipe 𝑗
thermal power required by aggregated
buildings 𝑖
solar irradiation for aggregated buildings 𝑖
thermal power of TES 𝑖 at which its loss is zero
thermal power of TES 𝑖
thermal power inserted in TES 𝑖
thermal power of TES 𝑖 inserted in the DHCS
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Symbol
𝒓𝒖,𝒊 / 𝒓𝒅,𝒊
𝑺𝒂𝒄
𝑺𝑪
𝑺𝒄𝑻
𝑺𝒆𝒄
𝑺𝑮
𝑺𝒉𝑮

Unit
kW/h

𝑺𝒉𝑻
𝒆,𝒏
𝑺𝒔,𝒏
𝒑,𝒍 /𝑺𝒑,𝒍

-

𝑺𝒑𝒔 / 𝑺𝒑𝒓
𝑺𝒑𝒔,𝒊 / 𝑺𝒑𝒓,𝒊

-

𝑺𝒑𝒖
𝑻𝒂
𝑻𝒘
𝑻𝒛,𝒊
𝒕𝒅𝒆𝒍𝒂𝒚,𝒋
∆𝒕
𝒖𝒊
𝒗𝒋
𝜶𝒊

°C
°C
°C
s
h

𝜷
𝜷𝒄,𝒊

EUR/kWh
EUR/kWh

𝜸𝒐𝒏,𝒊 / 𝜸𝒐𝒇𝒇,𝒊
𝜹𝒊,𝒋

EUR/h

𝜼𝒉𝒆,𝒊

𝝉𝒐𝒏,𝒊 / 𝝉𝒐𝒇𝒇,𝒊

1/m
1/(mkg)
kg/s
h

𝝓𝒊

-

𝜼𝒊𝒏,𝒊 / 𝜼𝒐𝒖𝒕,𝒊
𝝀𝒔,𝒊
𝝁𝒍𝒐𝒔𝒔,𝒋
𝝁𝒑,𝒋
𝝆

-

m/s
EUR/kWh

-

Description
ramp up / down rate of the CHP unit 𝑖
set of absorption chillers
set of CHPs
set of cold storages
set of electric chillers
set of thermal energy generation units
set of heat generation units including CHPs and
boilers
set of heat storages
set of pipes starting/ending at node 𝑙
set of supply/return pipelines
set of supply/return pipes connected to heat
exchanger 𝑖
set of pumps
ambient temperature
vector of walls temperatures
indoor temperature of zone 𝑖
transmission delay time in pipe 𝑗
Sampling time
on/off state of unit 𝑖
velocity of medium in this pipe
cost of heat production by heat generation unit
𝑖
electricity price
cost of thermal energy production by electric
chiller 𝑖
penalties for starting up/shutting down unit 𝑖
binary parameter that is 1 if unit 𝑖 is connected
to the TES 𝑗 and is 0 otherwise,
efficiency of heat exchanger 𝑖
charging / discharging loss factor of TES 𝑖
loss factor of TES 𝑖
thermal power loss coefficient of pipe 𝑗
pressure loss coefficient of pipe 𝑗
medium density
minimum duration of time for which unit 𝑖 must
be kept on/ off
heat to power ratio of CHP unit 𝑖
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