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A B S T R A C T

As a result of the increased penetration of intermittent renewable energy sources, Combined Heat and Power
(CHP) units are being looked upon as one of the sources that might provide for the ever growing need for
electrical flexibility. However, CHP units are often considered as must-run units on the grid for their main
purpose is generally to cover the heat demand of an adjoining District Heating Network (DHN). This paper
demonstrates how a CHP–DHN system may be used as a frequency reserve without excessively compromising
the lifetime of the CHP, using either a specific storage tank or the DHN’s thermal inertia in order to compensate
for the resulting heat imbalance. In the latter case, it is shown that a buffer tank, although smaller than
a specific Thermal Energy Storage (TES), is required due to restrictions for acceptable DHN temperature
gradients. In both approaches, the size of the tank has been mapped out considering frequency reserve’s
duration and capacity. The results show that a simplistic static model of the DHN is sufficient for the design
of a specific TES, while a detailed dynamic simulation is required when the DHN is used as storage, to prevent
overestimating the flexibility of the CHP–DHN system. This research could be used to assess the potential for
improving CHP–DHN systems flexibility, using them as frequency reserves, and to design the required storage
or buffer tanks.
1. Introduction

The push towards less carbon-intensive power generation has led
to a rapidly increasing penetration of intermittent renewables. Whilst
alleviating the burden on the climate, the associated reduction of syn-
chronous generation induces a shortage of operational flexibility [1],
causing increasing instability risks for the electric grid. As they form a
critical link between the power and heating sectors, CHPs are looked
upon as one of the solutions to offer an ever more valuable flexi-
bility [2–4]. Furthermore, using sustainable energy sources such as
biomass and waste, generally used in CHPs based on steam cycles,
would enable a low-carbon energy supply for both sectors.

However, CHPs have been traditionally operated in a heat-led mode,
as their main objective is meeting the heat demand in real-time whereas
the resulting electricity production is considered as a secondary ser-
vice [3,5]. This restricts the CHP operational flexibility to such an
extent that they have been historically exempted from obligatory con-
tribution to power system support, being merely considered as must-run
units. The lack of electric flexibility can already be seen today. For
instance, wind curtailment rates of up to 20% were encountered in
some provinces in China, with inflexible CHPs being pointed to as the
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major limiting factor [6]. Considering these current grid needs, it is
recommended that this exemption would no longer be allowed [7].

Therefore, a relatively new mode of CHP operation is being con-
sidered. During so-called power or electricity-led operation, the CHP
will adjust its power output according to the electrical needs. In steam
cycle based CHPs, regulating the electrical demand can be achieved
in two different ways [8]. One way is by altering the boiler output,
and consequently the fuel input as well, while keeping a fixed Heat-to-
Power Ratio (HPR). In order to do so, there are different existing control
strategies, including the more advanced Boiler–Turbine Coordinated
control (BTCC) [9]. Another way would be by changing its HPR, for
example by using the bypass valves of the turbines. This is called
Heat-Source Regulation (HSR), as it regulates which fraction of the
steam (i.e. the heat source) flows through the turbines and which
fraction goes to the heat users. This heat-source regulation allows the
CHP to ramp up its power much faster, as the slow boiler and fuel-
processing dynamics are circumvented. For both these methods, there
is one control variable, and the CHP cannot perfectly adjust to the heat
demand anymore. To ensure heating service is maintained for the user,
which is typically a District Heating Network (DHN) for larger CHPs,
306-2619/© 2022 The Authors. Published by Elsevier Ltd. This is an open access ar
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thermal energy should be somehow absorbed or enabled to cope with
the resulting heat imbalance. This temporary decoupling of heating and
electricity systems can be done by installing additional Heat Accumu-
lators (HA) or by using the DHN volume. More specifically, the latter
can serve as storage system as it typically has a large intrinsic thermal
inertia, and does not generate additional costs. [8].

A considerable amount of research has already been carried out
regarding CHP flexibility, mostly regarding optimal dispatch. Most
dispatching schemes now include the possibility for thermal storage of
DHNs, but in a very simplified way. Herein the capacity factor, effi-
ciency and/or profit of the CHP or complete system is optimised [10–
15]. These strategies are applied to timescales ranging from hours to
months, hence being applicable to the intraday and day-ahead power
markets. However, the increasing share of wind and solar power causes
ever faster and more pronounced fluctuations on the grid, increasing
the need for generation units that can ramp up or down very quickly.
Such flexibility on shorter timescales can be effectively exploited and
enhanced on frequency reserve markets [8]. Frequency reserves are
necessary on the electrical network to contain the frequency deviations
from nominal value and to constantly maintain the power balance
in the whole synchronously interconnected system. Production units
delivering such services are able to adjust their power output in a
fast way to contribute to this stability. Frequency reserve markets
exist for automatic (aFRR) and manual (mFRR) frequency restoration
reserves. But one of the requirements is for the reserve to be fully
activated within 7.5 and 15 min, respectively. The power and duration
of the reserve is submitted in a bid and depends on the reserve itself.
Therefore, to operate CHPs as frequency reserve would provide an
additional revenue stream for the CHP operator, while improving the
grid stability and allowing further RES integration.

Some studies have already been conducted to examine the tech-
nical possibilities of exploiting steam cycle based CHPs as frequency
reserves. However, these were limited to a control strategy keeping
the HPR fixed, i.e. only considering BTCC, while using a HA [8] or
DHN [16] as storage volume to cope with the resulting heat imbalance.
Hence, their power ramp rates are limited due to the slow dynamics
of the boiler and fuel-feed systems. This type of flexible operation
mode moreover has an impact on the lifetime of the thermal assets:
excessive fatigue might ensue due to frequent reserve activation. Both
problems can be solved by using only heat-source regulation during
frequency reserve activation. It provides a higher power ramp rate,
while preventing fatigue in the CHP equipment as the fuel supply and
boiler state are kept constant during reserve activation. To the authors’
knowledge, the available studies do not cover the use of heat-source
regulation alone for CHP frequency reserve activation. Moreover, the
DHN storage capabilities are generally greatly simplified, while the
DHN and its dynamics could be a bottleneck to the CHP flexibility. As a
result, a detailed dynamic analysis as to whether the DHN can actually
cope with the heat imbalances resulting from the reserve activation
is needed, especially given the fast transients in this operation mode.
The purpose of this study is therefore to assess the increased flexibility
that could be achieved by using HSR for the CHP frequency reserve
activation as well as a dedicated storage tank or taking advantage
of the DHN thermal inertia. As they present the biggest potential,
the focus is put on relatively large DHN. It must be noted that the
simultaneous combination of BTCC and HSR in an advanced control
strategy is possible as well, as developed by Wang et al. [3,9], but will
not be considered in this work due to the resulting fatigue of the CHP
fuel-feed and boiler systems. The proposed strategy to make the CHP a
frequency reserve has been investigated using three configurations of
heat storage: the use of a HA alone, the use of the DHN thermal inertia
alone, and a combination of both, in which the HA is used as a buffer
to filter out fast transients. An overview of the different CHP operation
modes considered in this work is provided in Fig. 1.

In order to assess the CHP flexibility and its role as frequency
reserve, a detailed dynamic model of the entire DHN will first be devel-
oped and validated in Section 2. The very concept of flexibility and the
2

Fig. 1. Flow chart of CHP–DHN system operation modes and accompanying control
strategy.

way it can be quantified first needs to be clarified, see Section 3. These
three different approaches for heat storage and their corresponding
control strategies are then detailed in Sections 4 and 5, respectively.
To be able to quantify the acquired flexibility, a case study is then
considered in Section 6. Lastly, the design of the storage/buffer tank
is done for each of the 3 approaches, see Section 7, including the
quantification of the flexibility and proof how these approaches work.

2. Dynamic DHN model

2.1. Large DHN modelling

In order to design and investigate the required DHN configura-
tion and control strategy, as well as to test the newly proposed CHP
operation mode, a detailed dynamic model of this coupled system is
needed. Given the acceptance criteria for frequency reserves, transients
as fast as seconds ought to be captured during the simulation. An
extensive comparison between frequently used, general-purpose mod-
elling tools for DHNs and their libraries has been done by Schweiger
et al. [17]. Using experimental data, the two most widely used causal-
based (Simulink and TRNSYS) and acausal-based (IDA ICE and Model-
ica) modelling tools were compared and validated based on their pipe
temperature step responses. This is because pipes are the components
with the largest influence on thermal dynamics of the DHN. The latter
is due to the relatively long delays they induce (up to hours), resulting
from their high lengths (up to tens of km) and slow flow velocities
(typically below 2 m/s) [18]. Given that all these tools were proven
to be able to accurately predict the pipe temperature response, they
were all deemed suitable for DHN simulations [17]. In this work, the
Matlab/Simulink environment will be used to build a dynamic DHN
model.

Initially, the components of the open-source library CARNOT were
used to construct a generic DHN model. The expected accuracy as
demonstrated by Schweiger et al. [17] was reached, but the simulation
time was found to be excessive. This is because of the typical trade-off
between accuracy and computation time. Large-scale DHN models espe-
cially are prone to these long simulations, due to the high discretisation
required to limit the undesired numerical diffusion. As the accuracy
and time step could not further be compromised, given the objective of
this work, the excessive simulation time caused the CARNOT toolbox
not to be practically workable. Consequently, a model was developed
in Simulink using a newly built library. The latter is composed of the
traditional components of DHNs, which can then be connected to form
a generic DHN model. The development and validation of this proposed
dynamic DHN model is detailed in Sections 2.2 and 2.3, respectively.
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2.2. Model development

A Simulink library has been developed for the most prominent DHN
components, such as a pipe, Heat Exchanger (HX), pump, CHP, etc.,
in a similar way as the CARNOT library. These components can be
connected according to the physical flow of water, which is represented
by a vector comprised of 3 elements: temperature (◦C), mass flow rate
(kg/s) and pressure (Pa). Given that pressure waves propagate with a
velocity in the order of 1000 m/s, compared to the 1 m/s for water
flow, the fast pressure dynamics are neglected [19]. At each time step,
a steady-state will thus be assumed for the determination of the DHN
hydraulic state, i.e. the pressures and mass flow rates. An infinitely fast
pressure propagation is thereby implied, while the head losses are still
simulated. This assumption is further strengthened by the fact that the
focus in this work lays on the thermal side of the DHN. Based on this
hydraulic state, the thermal side of the DHN model can be computed,
assuming a steady-state during this time-step as well. A detailed de-
scription of the latter is done in Section 2.2.1 for the pipe component.
The CHP model is shortly discussed in Section 2.2.2. For the remaining
components, only the most important ones are briefly elaborated upon
in Section 2.2.3. Besides this physical flow, measurement and control
signals are transported as well in the model. The latter features are
further detailed in Section 5. To solve the equations representing the
component behaviours, the Simulink discrete time solver is used with
a fixed time step of 5 s.

2.2.1. Pipe
As mentioned before, the pipes are the main source of temporal

delay and thermal inertia, especially in large DHNs. An accurate pipe
model and thorough validation is therefore crucial when simulating
the network dynamics, especially for the fast transients encountered
when considering frequency reserve activations. The Partial Differential
Equation (PDE) governing the fluid flow can be found by combining
the conservation of mass and energy. As stated and justified by van
der Heijde et al. [18], some assumptions can be made to simplify the
latter to an advection equation with a source term. Most importantly,
a uniform water temperature in the pipe cross section can be assumed.
This reduces the 3D equation to 1D, thus describing a plug flow. Other
assumptions are: heat addition due to friction losses is negligible, fluid
thermophysical properties are constant, fluid is incompressible, axial
heat conduction in the fluid and solid layers is negligible, and no phase
changes occur. The discretisation of the advection equation in space
and time, leads to:

𝑇 (𝑥, 𝑡 + 𝛥𝑡) =
[

1 − 𝑣𝛥𝑡
𝛥𝑥

]

𝑇 (𝑥, 𝑡) + 𝑣𝛥𝑡
𝛥𝑥

𝑇 (𝑥 − 𝛥𝑥, 𝑡) − 𝛥𝑡
𝜌𝑐𝑝𝐴𝛥𝑥

�̇�e (1)

where 𝑇 is the fluid temperature, 𝑣 the fluid velocity, 𝜌 the fluid
density, 𝑐𝑝 the fluid specific heat capacity, 𝐴 the cross-sectional area
of the pipe, �̇�e the heat loss of a pipe segment, and 𝑥 and 𝑡 the space
and time variables, respectively.

The two first terms on the right hand side represent an axial energy
transfer due to the water flow, i.e. advection. This process is ruled by
the Courant number 𝐶 = 𝑣𝛥𝑡

𝛥𝑥 , which relates the fluid velocity with the
spatial and temporal discretisation, i.e. the information velocity of the
simulation. This number has to remain below 1 for the computation to
converge, as stated by the Courant–Friedrichs–Lewy condition, whereas
reducing it excessively adds an artificial diffusive effect [18,20]. This
numerical diffusion is a cause of loss in accuracy and ought to be
limited. A trade-off must be found between the computational power
induced by the smaller mesh size on the one hand, and the desired
temporal resolution on the other hand.

The last term in Eq. (1) corresponds to a radial energy transfer,
representing the heat losses �̇�e caused by the forced convection in
the pipe. This is computed based on the aggregated thermal resistance
between the water in the pipe segment and the ambient air, as well
as the thermal inertia of the steel pipe layer. The inclusion of the
latter is sufficient and crucial to accurately predict the fast dynamic
behaviour of the pipe, as shown by van der Heijde et al. [18] and
3

Schwarz et al. [21].
2.2.2. CHP
CHPs are generation units composed of a lot of different compo-

nents, each having its own complex dynamics. Multiple studies have
modelled these in detail, while also developing corresponding control
strategies [4,9]. However, the behaviour of a given CHP unit can
be simulated in a simplified manner by using some overall technical
specifications, such as its electrical and thermal power range, maximum
power ramp rates, HPR, etc. This assumption is strengthened by the fact
that the focus of this work lies on capabilities, limitations and adjust-
ments of the complete DHN network, rather than on detailed dynamics
of each CHP component. Consequently, the CHP transient behaviour
is simplified by being able to adapt its power level instantaneously
following a control signal. However, its dynamics are partly included
by considering its maximal ramp rate.

The CHP can be considered to run in 2 different operation modes,
i.e. normal operation and reserve activation, as depicted in Fig. 1. The
CHP switches from one operation mode to another, i.e. (de)activating
the reserve, when a command signal is given by the Transmission
System Operator (TSO). In normal operation, the CHP is running in
the traditional heat-led mode. It is considered that only BTCC is used
in this mode, as the changes in heat demand are typically slow. The
CHP thus runs at nominal HPR, while adjusting its fuel input to meet
the heat demand of the DHN. The amount of electric power the CHP
produces is thus not directly controlled, but changes proportionally
with its supplied amount of heat. Hence, no grid support is given.
When frequency reserve is activated, it is considered that the CHP
only uses heat-source regulation. This implies that the fuel input is
kept constant during reserve activation, while its electric power level
is controlled by adjusting the turbine bypass valve. The HPR is altered
by changing the fractions of steam flowing through the turbines or the
bypass valve. As steam is redirected from the DHN to the turbines, the
generated power increases and the heat supply to the DHN decreases.
Both happen at the same but opposite maximal ramp rate. An electrical
ramp rate of up to 6% of its nominal power per minute can be achieved,
which is about 6 times higher than the maximal ramp rate when
using BTCC [9]. The proposed strategy allows the CHP to serve as a
frequency reserve when desired, while running as a traditional unit
when no additional grid support is required. However, a heat imbalance
ensues in the DHN as the CHP no longer follows the heat demand. The
different approaches that can be used to cope with these imbalances
are discussed in Section 4.

2.2.3. Other components
Apart from the pipe, the most notable components to capture the

thermal dynamics of the system are the Heat Exchanger (HX) and
Thermal Energy Storage (TES) tank. Therefore, full dynamic models
of these components were implemented, based on the works of Wang
et al. [22] and Bastida et al. [23], respectively. Similar to the pipe, both
the HX and TES are modelled using spatially discretisation and based
on the energy conservation law. The latter considering heat losses,
as well as convective and conductive energy transfer. Additionally,
some other components are required to enable the DHN to operate
properly: pumps, valves, junctions, etc. Their detailed dynamics are not
considered in this work, as they are negligible compared to the time
delays caused by the pipes, TES and HXs. Simplistic static models of
these components are thus used. Another crucial part of the DHN is the
heat loads, which serve as boundary conditions in the network. They
are directly represented by their heat consumption, thus neglecting
their thermal inertia and other dynamics.

2.2.4. The generic DHN model
The library of developed components is used to construct a generic

DHN model, as depicted by Fig. 2. In practice, multiple substations will
be connected to the DHN. Each of them will be aggregating several
heat consumers. However, in this work it is assumed that all the heat

consumers are aggregated in two loads, limiting the complexity of the
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Fig. 2. Schematic representation of the DHN model.

DHN, with the CHP as the only heat source. This DHN configuration
is similar to the one used by Xu et el. [16], in which BTCC is used
for CHP frequency reserve with the DHN as storage. In contrast to the
latter, the pipe model proposed in this work captures the temporal
delay they induce, allowing a fully dynamic assessment of the DHN
storage capabilities. A TES tank is inserted as well, of which the
use and importance will become clear in Sections 4, 5 and 7. Some
crucial locations in the network are numbered, corresponding to virtual
measurement points. These conventions will be used throughout this
work to provide a clear representation of the evolution of the key
parameters of the network. For example, the CHP inlet is denoted by
CHP4 and the DHN supply by DHN1. Hence, this model computes the
different physical properties throughout the complete system, i.e. the
system state, depending on the CHP operation mode as shown in Fig. 1.

2.3. Validation

With the DHN components developed and the generic network
assembled, the model remains to be validated. However, experimental
data regarding the proposed generic network is not available. Often-
times, DHN models are validated using the pipe temperature step
responses, as they are the main determinant of temporal delays. This
was done by Schweiger et al. [17] as well, using an experimental setup
of a 90 meter long pipe. With identical settings of the pipe parameters
and water flow rate, the same temperature step of the water at the
pipe inlet was imposed on the developed pipe model. The resulting
temperature profile at the pipe outlet approximates the experimental
data really well, as depicted in Fig. 3. Moreover, the resulting profile
shows a smaller deviation from the measured results than the pipe
of the CARNOT library. This is illustrated by the error depicted in
the bottom graph, which shows an excellent agreement between the
proposed model and the experimental results. The developed model
also proved to be two orders of magnitude faster than the CARNOT
library in terms of computational time for large networks. Hence, both
the accuracy and simulation time of the developed model are suitable
to analyse the fast transients during the frequency reserve activation of
the CHP, and its corresponding fast ramping.

3. Quantifying flexibility

Before analysing the potential support CHPs can bring to the power
grid, it is important to first qualify and quantify what exactly is meant
by flexibility. It can be defined as a system’s ability to allow changes in
energy use over time, both for demand or supply [24,25]. Even though
4

Fig. 3. Comparison of pipe temperature step responses between the CARNOT and pro-
posed model (top), and deviation from the measured experimental response (bottom).
The legend labels are identical for both sub-figures..

the term is widely used and its properties are relatively well defined
from a qualitative point of view, the quantification of a system or plant
flexibility remains a very relevant and challenging question in litera-
ture [5,26,27]. Different studies quantify it in different ways [8,24,27],
while a concise and accurate method is still lacking [26]. However,
most often flexibility is assessed through multiple indicators rather than
one single parameter, typically including three physical dimensions:
duration, power capacity and power ramp rate [5,28]. Therefore, these
three indicators will be used to quantify the CHP flexibility in this work.
Moreover, their interdependence will be demonstrated in Section 7.

4. Approaches for heat storage

When the reserve is activated using the proposed strategy, the
heat supply to the DHN is no longer controlled as to meet the heat
demand. Hence, a heat imbalance ensues in the DHN during the reserve
activation process. This happens rather quickly due to the high CHP
power ramp rate, as a result of using heat-source regulation. To ensure
the heat users are not affected by this imbalance, heat has to be stored
or provided somewhere. Excluding other sources like heat-only boilers,
two possible storage methods can be considered. Firstly, a dedicated
storage tank covering the entire heat imbalance can be installed, as
illustrated by the TES in Fig. 2. Secondly, the volume of hot water inside
the DHN can serve as storage as well. However, the DHN dynamics
might be a bottleneck for the proposed strategy. Just as for the CHP
unit itself, frequency reserve activation using the DHN thermal inertia
might lead to excessive fatigue of its components. Limits in terms of
acceptable temperature gradients undergone by the equipment need
to be accounted for. Therefore, to assess the potential of using a CHP
with heat-source regulation as a frequency reserve, three approaches
are considered: (A) use of a TES alone, (B) use of the DHN thermal
inertia alone, (C) and a combination of both, in which the TES is used
a buffer to flatten out the fast transients of the CHP, while the DHN
absorbs/stores the bulk of the heat imbalance. These three approaches
are depicted in Fig. 1 and will be investigated using a case study, see
Section 6. But first, the control strategy of the overall network and the
three approaches (A,B,C) is detailed in Section 5.

5. Control strategy

DHNs have multiple controllers to ensure proper working and keep
the network within its operating bounds. Moreover, these controllers
are required for the potential use of the DHN as a storage volume
during the CHP reserve activation, because the control systems en-
able the management of the heat flows, and therefore the potential
storage or withdrawal of thermal energy in case of imbalances. In
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Table 1
Storage means and constraints of the 3 approaches during reserve activation, with the limiting constraint highlighted in red.
this work, commonly used PI controllers with acceptable settings are
implemented. It must be noted that more advanced controllers or better
control settings could be investigated. This could further improve the
results achieved with the proposed strategy, but such an advanced
optimisation is outside the scope of this work.

The main objective of a DHN is to supply the users with the desired
amount of heat at a specified temperature. This is done by adjusting
the flow rate through the primary side of the corresponding HX, which
in turn is regulated by a valve, as illustrated by Control Valve 1 and
2 in Fig. 2. At the secondary side of the user substations, the pumps
(4 & 5) are assumed to deliver a constant mass flow rate. The flow
rates in the DHN are obviously variable, as they are a combination
of the working of its variable speed pump (pump 3) and the valves
at the user substations (Control Valve 1 and 2). The control of the
CHP and its substation depends on the operation mode of the CHP
(normal or reserve operation), as well as on the approach (A,B,C) used
for heat storage in the latter operation mode. Approach A is based on
the absorption of heat by a dedicated water tank. Approach B relies on
the absorption of heat by the heat network itself, without any storage
or buffer tank. In Approach C, the network is still used as storage
volume, but a buffer tank is added to avoid high temperature gradients
in the equipment. The constraints for each of these 3 approaches is
depicted in Table 1 (and will be further explained in Section 7), and
the difference in control strategy for each of them is depicted in Fig. 1,
except for Approach B. The latter is not included in this figure as no
detailed analysis about its performance has been done in this work.
This is because it merely serves as an exemplary case to illustrate
why a buffer tank is required in case the DHN is used as storage
volume. Nevertheless, the control strategy of each of the 3 approaches
is explained in detail in the following paragraphs.

For all three approaches in reserve operation, as well as for normal
operation mode, the temperature at the CHP outlet is kept constant
by adjusting the mass flow rate passing through. This is done by the
controller of pump 1, as shown in Fig. 2 and the black dotted arrow in
Fig. 1.

5.1. Approach a: Dedicated tank as storage volume

In Approach A, a water tank (TES) is installed to absorb the heat
imbalance during the reserve activation. As shown in Fig. 2 this TES is
installed between the CHP and the DHN.

In a normal operation (i.e. no reserve activation), the control on
pump 1 is used to maintain the CHP output temperature, while pump 2
can be used to control the high DHN temperature (DHN1). The possible
difference in flow rate between these 2 pumps will cause energy to be
added to or withdrawn from the TES. The CHP can then be used to
control the energy level of this TES, which is represented by its average
temperature (TES avg). This control strategy in normal operation is
depicted in Fig. 1 (black and red dotted arrows).

However, when switching to power-led mode during reserve acti-
vation, the CHP follows the electric demand. It does so by altering
the HPR, resulting in the heat production to change in the opposite
direction from the electric power. The TES average temperature is thus
no longer controlled by the CHP, as shown in Fig. 1. In approach A, the
shortage or excess of heat is directed towards the TES, while the DHN
5

temperature is kept constant by pump 2. Depending on the change in
CHP electric power capacity and its duration, the TES can be designed
in order to cope with this temporary heat imbalance. Such a design
is performed for representative ranges of the main variables in Sec-
tion 7.2. With this control strategy, the TES is thus used to compensate
the heat imbalance during the frequency reserve activation, while the
rest of the DHN is kept at the conditions it had before the activation.
When switching back to heat-led mode, i.e. when reserve activation is
finished, the TES energy level can then steadily be lowered back to its
nominal value.

5.2. Approach b: DHN as storage volume, without a buffer tank

Given its thermal inertia, the DHN itself can be used to absorb
or provide heat during the reserve activation. This means the TES in
Approach A is no longer required, which could make a significant
difference in cost savings. Hence, Fig. 2 can be simplified by getting
rid of the TES and pump 2. Once again, the water temperature at the
CHP outlet is kept constant by the control of pump 1. However, due to
the disappearance of pump 2, the temperature at (DHN1) is no longer
controlled. Instead, the CHP heat injection into the DHN can serve as a
means to control the latter. Hence, when the CHP is in heat-led mode,
the hot DHN temperature is used as input for a PI controller to alter
its thermal power. Analogue to Approach A, the CHP heat injection is
no longer a means of control when the reserve is activated. Hence, the
heat imbalance manifests itself in a change in the DHN temperature.
As mentioned before, it is important to note that control strategy of
Approach B is not included in Fig. 1. This is because this approach is
not considered in detail in the remainder of this work, as explained in
Section 7.2.

5.3. Approach c: DHN as storage volume, with a buffer tank

A third scenario can be considered, being a combination of the
former approaches. In Approach C, the DHN is used to absorb or
provide heat during the reserve activation as in Approach B, and the
TES of Approach A is used as a buffer tank rather than a storage
tank. The latter is required in order to allow the CHP to operate at
its maximal ramp rate, while the temperature gradients in the DHN
remain below their acceptable levels. This will be further detailed
in Section 7.2. The same configuration as Approach A is therefore
considered, while the function of the TES and the adjoining pump 2
controller are different. As the CHP is in heat-led mode, pump 2 is
once again keeping the high DHN temperature constant. However, to
allow the DHN to absorb or provide heat during the reserve activation
(power-led mode), this temperature set point ought to be adjusted.
This is done by a PI controller with the TES energy level as input,
as shown in Fig. 1. When switching from heat- to power-led mode,
the TES temperature control thus shifts from the CHP heat injection
to the setpoint of the DHN supply temperature. This adds a control
layer on top of the DHN temperature control. This way the change
in DHN temperature is directly controlled, and can thus be restricted.
With this strategy, the TES serves as buffer tank to flatten out the fast
transients of the CHP. This allows the CHP to ramp up at its maximum
rate, without exceeding the ramping limits of the DHN. The TES can
now be designed in such a way that it is big enough to cope with the
difference in the latter two ramp rates.
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Table 2
Expected characteristics of the CHP plant.

Property Value Unit

Rated electrical power 370 MWe
Rated thermal power 1064 MWth
Nominal electrical efficiency [29] 22 %
Nominal thermal efficiency [29] 63 %
Nominal heat-to-power ratio (HPR) 2.86 –
Max thermal power to DHN 500 MWth

Max electrical power ramp rate 0.68 %Pe,nom/min
with boiler-turbine control 5 MWe/min

Max electrical power ramp rate 6 %Pe,nom/min
with heat source regulation [30] [9] 22.3 MWe/min

6. Case study: the Arbaheat project, a large DHN with CHP

In the framework of the EU-funded Arbaheat project, the retrofit of
a state-of-the-art Ultra-SuperCritical (USC) coal-fired power plant into a
biomass-fired CHP is studied. In addition to the resulting displacement
of coal and the increase of the energy efficiency of the system, such a
retrofit could also contribute to creating additional frequency reserve.
The system composed of this retrofitted CHP and the large DHN that
is to be connected to it, is taken as a case-study in this work to assess
and quantify the flexibility of the CHP. The variable properties in the
developed DHN model, as shown in Fig. 2, has been adjusted to be
representative of the expected size of the DHN. This mainly entails the
DHN size, heat loads and CHP specifications, as well as the temperature
set points throughout the network. The technical specifications of the
considered CHP are given in Table 2. The nominal electrical and
thermal efficiencies are assumed to be the EU average [29]. Regarding
the heat loads, the potential users that were identified in the frame
of the project were aggregated in two substations. Their heat load
is assumed constant in the remainder of this work, at their nominal
demand of 150 MWth each. Lastly, the length of the considered DHN
eaches several tens of kilometres. The length of the pipes between the
ubstations is not yet fixed, and will be used as a variable during a
arametric analysis when studying the storage capabilities of the DHN
n Section 7.3. The developed dynamic model will be used to investigate
he required sizes of a dedicated storage tank, buffer tank and heat
etwork to reach given expectations in terms of flexibility. The design
arameters of interest could vary in other cases, for instance for new
nstallations, where the intrinsic characteristics of the CHP plant could
lso be optimised.

. Designing the storage/buffer tank

.1. Approach a: Dedicated tank as storage volume

When the CHP is activated as a frequency reserve, the TES covers
he resulting heat imbalance. The required size of the TES, i.e. the
mount of heat it can store or provide, obviously depends on both
he capacity and the duration of the reserve activation. Therefore, a
arametric study has been carried out to map out the required TES
ize. For varying electric power variations, the duration after which
he TES reaches its limits is monitored. This corresponds to the TES
eing completely loaded or emptied. It is assumed that the latter is
ble to change its average temperature by 15 ◦C either up or down,
tarting from its nominal value of 90 ◦C. Without these temperature
imits, as shown in Table 1, pump 1 and 2 would saturate, regardless
f the pump capabilities. The resulting Fig. 4 illustrates the maximum
uration of the power variation, i.e. reserve activation, as a function of
ts amplitude and the size of the TES.

For example, for the CHP to serve as a frequency reserve of 50 MWe
or 2 h, Fig. 4 shows that a TES of 5640 m3 is required. This translates
6

o a cylindrical tank of 19.3 m in height and diameter. As expected,
Fig. 4. Required TES volume for reserve activation in Approach A, depending on the
desired capacity and duration, with the case of Fig. 5 highlighted in red. Results from
the detailed dynamic simulations (solid lines) and from a static energy balance (dashed
lines).

Fig. 4 shows that the required TES size to cover the heat imbalance
is proportional to the duration of reserve activation and inversely pro-
portional to the change in power capacity. It also highlights the linear
relationship between 2 of the flexibility indicators, i.e. the duration and
power capacity. It must be noted that the maximal CHP power ramp
rate has been used in Fig. 4, as its effect on the required TES size and
the other flexibility indicators is negligible. Contrary to the detailed
dynamic simulation of the DHN, the required TES size can also be
determined by considering a static energy balance, while neglecting the
DHN dynamics. The latter is determined by 𝑄 = 𝜌𝑉 𝑐𝑝𝛥𝑇 and proves to
be a great estimation of the simulated results. A slight difference can be
observed due to a limited heat storage contribution of the surrounding
pipes, see the detailed analysis below. It can therefore be concluded
that a static energy balance calculation is enough for the design of the
storage tank in Approach A, as the detailed dynamics of the CHP–DHN
system do not play a significant role in its design.

The response of the complete CHP–DHN system to the reserve
activation highlighted in red in Fig. 4 (50 MWe for 2 h) is illustrated in
Fig. 5. This is for both the upward and downward reserve, one after the
other. It is assumed the DHN is initially at a steady-state with both heat
loads (HL1 & HL2) at 150 MWth. At time zero, the reserve is activated.
Following the reserve activation signal, the CHP switches from heat- to
power-led mode, and increases its electric power output with 50 MWe
at its maximal ramp rate of 22.3 MWe/min. Given that heat-source
regulation is used, the heat production reduces at the same but opposite
rate and capacity. Once the additional 50 MWe is reached, the new

HP state is sustained for two hours. Meanwhile, the TES compensates
his 50 MWth reduction in thermal production, indicated by a positive

thermal power of the TES in Fig. 5. As the latter provides heat to the
DHN to compensate the mismatch between the heat production and the
heat demand, its energy level drops, which is depicted by the steady
decrease in its average temperature. This is the result of the net upward
flow through the TES, caused by the difference in flow rates of pump 1
and 2, as dictated by their controllers. At the end of the reserve action
two hours later, the CHP ramps down its electricity production again.
It does so by reopening its turbine by-pass valves. Once the initial HPR
is reached, and thus the initial electrical and thermal power as well, it
switches back from power- to heat-led mode. The CHP starts following
the heat demand again by injecting more fuel, while keeping the HPR
constant. Both the electric and thermal power increase, but the latter
does so more slowly due to the HPR of 2.86. Consequently, the TES
energy level, i.e. its average temperature, is steadily set back to its
nominal level of 90 ◦C. A similar reasoning applies to the downward
reserve activation.

During this entire cycle of reserve activation and re-establishing
the initial thermal balance, the state of the DHN is not affected. The

DHN supply and return temperatures (DHN1 and DHN6), as well as its
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Fig. 5. Behaviour of CHP–DHN system in Approach A, as a reaction to an upward
nd downward 50 MWe reserve activation of 2 h. The legend labels refer to the DHN
ocations as defined in Fig. 2.

low rate (pump 3) remain constant. Hence, the DHN does not assist
n enabling the CHP flexibility in Approach A, only the TES does. This
eveals why a static energy balance calculation suffices for the design of
he storage tank in this approach. It must be noted that the temperature
f the pipes surrounding the TES (CHP2 and CHP4) deviates from their
nitial level as well. This happens because the TES is heating up or
ooling down, affecting the temperature of the exiting water. The latter
lso explains the slightly conservative theoretical prediction in Fig. 4.
n other words, these adjoining pipes act as a small storage volume as
ell, which slightly increases the storage capacity of the overall system.

.2. Approach b: DHN as storage volume, without a buffer tank

In Approach B, only the DHN is used as storage volume. Therefore,
he design study of the TES tank in Approach A shifts to the capabilities
f the DHN. Like in Approach A, a static energy balance of the DHN can
e considered to determine the maximum amount of additional heat
hat can be absorbed or provided: 𝑄 = 𝜌𝑉 𝑐𝑝𝛥𝑇 . This time, however,
he allowable temperature change (𝛥𝑇 ) and available volume (V) are
hose of the DHN, instead of the dedicated water tank. The following
ssumptions are made for these two parameters. Firstly, the maximum
llowable temperature change of the DHN supply line (DHN1) is 7.5 ◦C,
.e. 𝛥𝑇 = 7.5 ◦C (see Table 1). These temperature limits prevent
aturation of pump 3, while ensuring that the users receive heat at
heir desired temperature of 90 ◦C. Secondly, only the hot DHN pipes
erve as storage volume, i.e. using half the physical DHN volume for
torage. The definition of the volume is indeed not straightforward.
s the PI controllers of the user substations change the valve position

o maintain the constant temperature heat supply to the user (Control
alve 1 & 2), the temperatures of the cold DHN pipes (DHN4&DHN5)
re uncontrolled, and thus technically have an influence on the energy
tored in the complete DHN. However, due to the constant heat loads
f the users, they fluctuate only slightly. It must be noted that the latter
ssumption would be even more valid if more advanced substation
ontrol schemes were used, for example with a direct control of the
old DHN temperatures by adapting both the control valves and the
umps (pump 4 & 5). Such advanced control strategies however do not
dd much to the present study, and are therefore out of the scope of this
7

v

ork. The resulting DHN storage capabilities using this simple, static
nergy balance approximation, will be quantified later for Approach C
n Section 7.3 (see Fig. 8), as it uses the DHN as storage as well.

Apart from the maximum thermal energy the DHN can store, a
econd additional limitation should be taken into consideration: the
estrictions on temperature gradients and the corresponding thermal
tresses in the DHN. To do so, the gradient of the DHN supply tem-
erature (DHN1) should therefore be limited. This leads to a limitation
n the ramp rate of the thermal power that the DHN can absorb or
ithdraw: 𝛥𝑞

𝛥𝑡 = �̇�𝑐𝑝
𝛥𝑇
𝛥𝑡 , where both the flow rate (�̇�) and temperature

gradient ( 𝛥𝑇𝛥𝑡 ) correspond to location DHN1 in the network. Based on
the work of Korpela et al. [8], the maximum allowable temperature
gradient considered here is 1/6 ◦C/min. This means that the ramp rate
at which the DHN can absorb thermal power also depends on the state
of the network (�̇�). The latter in turn directly depends on the heat
demand, as explained in Section 5. As the minimum and maximum
heat loads are imposed, the flow rate returning to the CHP substation
(DHN1) becomes about 1208 kg/s and 2404 kg/s, respectively. With
the given limit of 1/6 ◦C/min, this translates to a maximum CHP
power ramp rate from 0.85 to 1.67 MWe/min. Given that the CHP can
ramp up more than 10 times faster, i.e. 22.3 MWe/min, these thermal
stress limitations greatly restrict the CHP capabilities as reserve. As the
addition of a buffer tank can greatly decrease this limitation, Approach
B will not be further discussed here. The potential contribution of a
buffer tank to compensate the mismatch between the DHN and the CHP
ramp rates is discussed in Approach C.

7.3. Approach c: DHN as storage volume, with a buffer tank

In this approach, the DHN is still used for the bulk of the energy
storage during the reserve activation, as in Approach B. However, the
limitations the DHN poses on the CHP ramp rate, as explained in
Section 7.2, are circumvented by the addition of a buffer tank in the
system. The size of such a buffer tank is of course expected to be much
more limited than these of a dedicated heat storage tank, as considered
in Approach A. In this Section, we first describe how the size of the
buffer tank is designed, as a function of the maximum allowable DHN
ramp rate and the amplitude of the electrical load variation. The case
of a maximum step of 50 MWe is studied in detail. Based on the design
of the buffer tank, the maximum allowable duration of the reserve
activation has been studied as a function of the size of the DHN and
reserve capacity.

The required size of the buffer tank, i.e. TES in Fig. 2, is determined
by its temperature limits. Again, these limits are set to be ±15 ◦C
rom its nominal 90 ◦C level, i.e. 75 ◦C and 105 ◦C, as shown in
able 1. In contrast to Approach A, however, the variables used for
he parametric analysis of the tank size are the power ramp rate and
apacity of the reserve action. First, it was found that the CHP ramp
ate itself had a negligible impact on the necessary buffer tank size. In
ther words, for different CHP ramp rates, the TES average temperature
imits of 75 ◦C and 105 ◦C are reached for a TES of the same size. This
ecause the input of the DHN temperature set point control is precisely
he TES average temperature. With the considered fixed settings, the
roportional gain (P) is 4 orders of magnitude greater than the integral
ain (I). Hence, for a given TES size, all CHP ramp rates result in the
ame maximum temperature deviation during the reserve activation. At
east, the latter is true as long as the controller of the DHN temperature
et point is not saturated throughout the entire transition. Had it been
he case, the required size of the buffer tank would indeed depend
n the CHP ramp rate, as verified with additional simulations. Hence,
ith the given controller settings it can be concluded that, somewhat

ounter-intuitively, the CHP ramp rate has a negligible influence on the
equired buffer tank size. The reserve power capacity is therefore the
ain input for the design of the buffer tank.

The temperature profiles of the buffer tank (TES) obtained for
arious power amplitudes of the activation are illustrated in Fig. 6.
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Fig. 6. Response of 833 m3 buffer tank (TES) to a reserve activation at a ramp rate
f 22.3 MW/min, for different power capacities. The maximum storage capacity is
ndicated by the dashed red lines.

tarting from a steady-state, the reserve is activated at time zero. In
he case of an upward activation, the increase in electric power causes
he CHP to decrease its heat injection onto the DHN. The average TES
emperature lowers rapidly from the 90 ◦C steady-state. The controller
otices this deviation and reduces the DHN temperature set point to
low this deviation, therefore using the DHN as heat storage. As per
esign, this leads to a maximum deviation of -15 ◦C for a 50 MWe
eserve activation, see Fig. 6. An asymmetry can be seen between the
pward and downward reserve, which will be discussed later on, as the
ES temperature only reaches 104.4 ◦C for the downward activation.
s this asymmetry is very small, only one buffer tank is considered for
oth the upward and downward 50 MWe reserves in this work, namely
ne with a volume of 833 m3. After the first peak, the temperature
tarts recovering very slowly. This is due to the high P and low I
ains of the controller, which were found to be acceptable settings.
nticipating the deactivation of the reserve after maximum some hours,
nd hence the opposite temperature deviation, this is a desirable setting
iven the purpose of this buffer tank controller. The profiles are cut off
t the moment the DHN temperature set point reaches its maximum
emperature deviation, for the sake of clarity. This means that the
eserve action must be ended, as the DHN has reached its maximal
torage capacity. Unless the DHN is so small that this happens before
he maximum TES temperature deviation in Fig. 6, the size of the DHN
oes not have an effect on the buffer tank size.

The parametric study in Fig. 6 clearly shows the importance of the
ower capacity of the reserve on the required buffer size. Larger power
ariations result in larger changes in the TES average temperature,
eaning the buffer tank has to absorb more heat during the transient.
hese transients reach a peak within an hour after the activation, as the
HN cannot absorb or provide the required heat fast enough. Similar
xperiments have been done for varying buffer tank sizes. This allows
esigning the buffer tank directly depending on the required power
apacity of the reserve. The results are depicted in Fig. 7. It clearly
hows that the buffer tank size is indeed hugely dependent on the
eserve power capacity. This relation is non-linear, causing the tank size
o increase rapidly for higher power capacities. It must be noted that a
inimal size of 50 m3 was assumed for this study, which corresponds

o a tank of just 4 m in height and diameter. And this, to make the
onnection between the tank and pipes possible in practice, assuming
he latter has a minimum diameter.

With the size of the buffer tank determined as a function of the
eserve power capacity, based on Fig. 7, the enhanced flexibility of
he complete system can now be assessed as a function of the DHN
ize. As already mentioned in Approach B (Section 7.2), and similar to
ig. 4 in Approach A (Section 7.1), the required size of the DHN can
8

herefore be mapped out as a function of the reserve power capacity
Fig. 7. Required buffer tank size, depending on the power capacity of the reserve.

Fig. 8. Required DHN volume for reserve activation in Approach C, depending on the
desired capacity and duration, with the case of Fig. 9 highlighted in red. Results from
the detailed dynamic simulations (solid lines) and from a static energy balance (dashed
lines).

and duration, i.e. two flexibility indicators. Like in Approach A, the
maximal CHP power ramp rate was assumed. Similar experiments to
Approach A have been done, with the maximum 7.5 ◦C change in DHN
temperature instead of the ±15 ◦C temperature change of the TES, as
shown in Table 1, and the DHN volume as variable instead of the TES
volume. The resulting design map is depicted in Fig. 8. Once again,
the performances that would be expected from a static energy balance
on the storage capability of the DHN, as mentioned in Section 7.2,
are also given. Fig. 8 shows that using a static energy balance tends
to overestimate flexibility enhancement resulting from the use of the
DHN thermal inertia. Considering the DHN dynamics in sufficient detail
is thus required to accurately assess the overall performances of the
system. The observed discrepancy between the simulation results and
the expectations based on a static energy balance will be discussed at
the end of this section.

As for Approach A, the full dynamic behaviour of a 50 MWe reserve
of 2 h has been analysed. This is indicated by a red dashed line in Fig. 8,
which shows the required DHN size is 53000 m3. The latter corresponds
to a DHN with a combined length of 54 km for all the pipes. This reserve
action requires a buffer tank of 833 m3, as illustrated by Fig. 7. The
resulting behaviour of the complete network is depicted by the profiles
shown in Fig. 9.

This shows how the proposed control strategy works. After the
activation of the upward reserve at time zero, the CHP behaves in the
same manner as in Approach A. However, the heat shortage is not
compensated entirely by the TES, as it serves as buffer tank now. The
additional controller acts upon the change in the TES average tem-
perature by lowering the set point of the DHN temperature, therefore
activating its thermal inertia as the main storage volume. The former
drops to a minimum of 75 ◦C, as designed in Fig. 6. The buffer tank
only provides heat during the start of the activation, as the DHN cannot
deliver heat fast enough due to its restriction on temperature gradients.
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Fig. 9. Behaviour of CHP–DHN system in Approach B, as a reaction to an upward and
downward 50 MWe reserve activation of 2 h. The legend labels refer to the locations
defined in Fig. 2.

Once the DHN is able to adequately react, the TES stops providing heat.
This is clearly illustrated by the initial peak in TES power, compared to
the block-like thermal power delivery in Approach A, see Fig. 5. After
2 h, the turbine by-pass valve closes to its initial position, restoring
the initial CHP state. The CHP continues in BTCC, adjusting the fuel
injection to restore the heat balance in the DHN. Both the energy level
of the buffer tank and the set point of the DHN are gradually brought
back to their nominal values. Due to the large size of the DHN, it takes
the system about 10 h (after the reserve deactivation) to largely recover
to initial state. The two large peaks in DHN flow rate (pump 3) around
4 and 7 h after activation, show the arrival of the change in DHN
supply temperature for the closest and furthest heat users, HL1 and
HL2, respectively. Some smaller fluctuations are still present up until
18 h after the reserve deactivation. A similar line of thought holds for
the downward reserve activation of 50 MWe for 2 h. Understanding the
dynamics of the complete system, its capabilities as a frequency reserve
can be further discussed. A couple of additional meaningful conclusions
can be drawn from Fig. 8.

Firstly, the duration for which the DHN is able to compensate the
heat imbalance is considerably lower than is expected from a simple,
static energy balance. One of the reasons is that the DHN does not
heat up homogeneously. The activation of the downward 50 MWe is
used as an example. The maximum reserve duration is limited by the
time it takes for the DHN supply line (DHN1) to reach its operating
bounds of +7.5 ◦C. However, due to the finite propagation speed of
the water, the supply temperature at the user substations are still a
couple of degrees lower when the limit is reached at point DHN1. A
part of the DHN volume is thus not used to its full extend. When
the change in power capacity is lower, this heating up happens more
slowly, resulting in smaller temperature deviations across the hot DHN
pipes. The maximum allowable duration of reserve activation is thus
closer to the theoretical one when the reserve capacity is lower. This is
indeed what has been observed in Fig. 8. A second reason for the over-
estimation of the system performances when a static energy balance is
being used, is the change in the temperature of the cold DHN pipes. In
Fig. 9 it can be seen that the DHN return line (DHN6) does change very
significantly. However, it evolves in an undesirable way. In case of a
heat shortage, i.e. upward reserve action, the cold DHN temperatures
9

(DHN6) increase, while they would optimally decrease. In Fig. 9 this
happens just after 5 h, when the temperature change has propagated
from the CHP to the first user substation, and back. This undesirable
temperature change happens due to the non-linearity of the HX and
substation settings, which makes it hard to predict the actual amount
of heat that can be stored without modelling the system dynamics. This
temperature change could be prevented with more advance control
schemes. For example, by adjusting the flow rate (pump 4 and 5) or
supply temperature setting of the user to control the primary return
temperature (DHN5 and DHN4). However, the development of such
advanced control strategies is outside the scope of this work.

In addition, an important conclusion to be drawn from Fig. 8 is
the notable difference between the upward and downward reserve
activation. It can be observed that this asymmetry is more pronounced
for smaller capacities and becomes negligible in case of large capacities.
It stems from the non-linear behaviour of the HXs, especially the ones
of the user substations. For the 50 MWe reserve case of Fig. 9, this
manifests itself in the DHN return temperature (DHN6) and DHN flow
rate (pump 3) to change more drastically in case of heat shortages in the
network. This leads to the DHN having a smaller capacity to provide
heat than to absorb it. These aspects are less pronounced in case of
larger reserve capacities. This because the DHN supply line (DHN1)
reaches its limit before these aspects can manifest themselves, as a
result of the relatively long propagation time.

Thirdly, it can be seen that when the DHN becomes sufficiently
small, the maximal allowable reserve duration becomes larger than
expected. This is because the TES itself (and the other pipes connecting
the CHP to the HX) is not taken into account in the static energy balance
approximation of the storage. The buffer tank will unavoidably absorb
some energy during the transient, thus providing a minimum duration
of storage. This effect is more pronounced for higher power changes.

8. Discussion

Using the considered case study, the importance of the frequency
reserve operation mode proposed in this work can be underlined. More
specifically, the advantage of using only HSR during reserve activation
(see Fig. 1) can be illustrated by comparing the CHP specifications
with the reserve requirements. The reserve has to be fully active within
7.5 min and 15 min for aFFR and mFFR, respectively. With the ramp
rates indicated in Table 2, the CHP can ramp up 167 MWe in 7.5 min
using the HSR, compared to 37 MWe when using BTCC. Hence, the
CHP strategy proposed in this work is able to provide the considered
50 MWe as aFRR. In contrast, the CHP could only provide 50 MWe as
a mFRR if BTCC were to be used.

In Section 7 two different design and control strategies to store
the resulting heat imbalance have been analysed in detail: the use
of a dedicated tank for TES (Approach A) and the combination of a
buffer tank and the use of the whole DHN as a way to store thermal
energy (Approach C). Both Approach A and C show the ability of the
CHP–DHN system to act as a frequency reserve. The design criteria
for a storage tank (Approach A) and for a buffer tank (Approach C)
were defined, with the former dependent on both the amplitude of the
activated reserve and its duration, while the latter is only a function of
the amplitude. The DHN size then determines the achievable duration.
The dynamics of the system have been studied for the specific case
of 50 MWe reserve sustained for 2 h, following both approaches. Two
important differences between the obtained results can be highlighted.

Firstly, the design maps in Figs. 4 and 7 show an important dif-
ference in the complexity and predictability of reserve capabilities,
i.e. the flexibility of the system. In Approach A, the static energy
balance approximation proves to be a sufficiently good methodology
to design the required TES. As the DHN state remains untouched, the
detailed dynamics of the CHP–DHN system are unnecessary to this
end. In contrast, the detailed dynamic modelling approach purposed
in this work is required for the design of the buffer tank and DHN
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in Approach C. The capabilities to serve as a frequency reserve are
considerably less than what is predicted when considering a static
energy balance, which entails that the DHN is modelled as one big
homogeneous water tank. This is due to the non-linear behaviour of
the HXs (leading to undesirable changes in DHN return temperatures)
and the heterogeneous heat-up or cooling of the DHN (as a result of the
long propagation times).

Secondly, an important difference in tank sizes is observed. When
a dedicated storage tank is being used (Approach A), the studied case
requires a tank size of 5640 m3, as depicted by Fig. 4. Conversely, when
he DHN is used as storage volume, the TES is used as buffer tank and
he required volume reduces down to 833 m3, as shown on Fig. 7, while
he size of the DHN should be at least 53000 m3, as depicted in Fig. 8.
he reduction in the tank size in Approach C compared to Approach
, entails a significant financial advantage, especially since pressurised
torage tanks are required, due to the hot inlet water temperature
CHP1) of 130 ◦C. Considering specific tank prices per unit of volume of
00 and 2100 eur∕m3 [31], this results in a cost of 3.95 and 1.75 million
or Approach A and C, respectively. Hence, about 2.2 million euros are
aved when utilising the DHN thermal inertia instead of installing the
arge dedicated TES. At least, this is the case as long as the DHN is
arge enough to cope with the heat imbalance. Conversely, in case of

dedicated TES tank, the cost of storage is directly affected by the
equired reserve duration.

. Conclusion

In this work, the strategy to use a CHP–DHN system as frequency
eserve using (only) heaty-source regulation, has been put forward and
nvestigated. Using a dedicated tank or the thermal inertia of the DHN
s a heat storage, the CHP has proven capable of adjusting its electric
ower production very quickly, while fulfilling the heat demand. It also
revents the boiler and the fuel preparation systems from undergoing
ast transients. When using the inertia of the DHN, it was shown that
imitations in the acceptable gradients of the network make it necessary
o use a buffer tank. It remains, however, much smaller (and cheaper)
han a dedicated storage tank. For both approaches, the required size
f the tank and/or DHN was mapped out, as a function of the duration
nd capacity of the expected frequency reserve. The results show that
simplistic static model of the DHN is sufficient for the design of the

edicated TES, while a detailed dynamic model is required when the
HN is used as storage, to prevent an overestimation of its flexibility. In

uture works, more advanced control strategies should be implemented
n the CHP and the DHN models to assess their impact on the obtained
esults.
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