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Thermal energy storage (TES) can increase waste heat utilization in district heating (DH) by storing excess
energy to be used later to compensate for energy deficit. When sizing a TES tank for DH, incorporating
operational conditions can prevent suboptimal volumes and improve the utility enabled by the TES. However,
the different time scales of the payback period for the tank and DH operation poses a challenge for optimizing
the tank volume. We propose a method to optimally design a TES tank considering operational conditions of
a DH plant using time varying waste heat. We formulate a multi-objective dynamic optimization model based
on heat data for a long period, which is solved with a two-step approach. First, the data is screened by solving
the model for short-term periods to detect intervals that allow for peak heating savings. Then, the model is
re-solved using all selected intervals to determine an optimal tank volume. We conduct a trade-off analysis of
the conflicting objectives, energy-saving and costs. The proposed method is demonstrated on a case study with
historical data. Our method can explore the full feasible space of TES tank volumes and efficiently provide a
trade-off curve without the need of exhaustive search.

1. Introduction

Current issues regarding environment and climate have turned our
attention to the need for developing and using efficient, clean energy
sources as a replacement for fossil fuels. Many policy makers and
governments agree that the pace of this shift needs to accelerate [1].
Energy is a major contributor of carbon emissions, and many fronts
must be investigated and improved to facilitate decarbonization and
meet environmental requirements. Heating for residential and commer-
cial buildings is one such front, accounting for ca. 40% of the energy
consumption and 36% of the greenhouse gas emissions in Europe [2].
To decarbonize these sectors, district heating (DH) systems, along with
several other technologies that have been developed, are expected to
play an important role [3]. DH systems that utilize industrial and
commercial waste heat as heat supply are of special interest because
they use energy that would otherwise be discarded. However, waste
heat often comes with high variability and a temporal mismatch with
heat demand from the DH system, requiring peak heating sources when
the available waste heat is insufficient, i.e., an additional consistent
heating source that is more costly. In this scenario, thermal energy
storage (TES) may reduce the use of peak heating significantly by
enabling excess available waste heat to be stored and used when the
demand is higher than the waste-heat supply. Generally, there are
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three main types of TES, sensible heat storage, latent heat storage and
thermal-chemical energy storage, in which sensible heat from reactants
and reaction enthalpy of reversible reactions are used. Each type is in
a different stage of development, while sensible heat storage has been
thoroughly studied and vastly implemented, thermal-chemical energy
storage is a more recent technology under research [4].

This paper addresses the design of centralized short-term TES in
heating plants utilizing variable waste heat to supply heat to a district
heating network (DHN). For that, we state the following problem: given
historical (or projected) data for energy supply and demand, we wish to
determine the optimal tank volume for the TES. We propose a rigorous
optimization approach for optimal sizing of short-term TES based on
a systematic analysis of the supply and demand data. Our approach
contains three main steps:

1. Setting up a dynamic model of the TES system

2. Optimization-based screening the historical (or projected) data
to identify time periods where energy storage is beneficial

3. Formulating an optimization problem that uses these time peri-
ods to determine the optimal TES capacity

By automatically selecting time periods in which TES is of advantage,
our algorithm discards all data that is not useful for determining the

Received 6 June 2022; Received in revised form 28 November 2022; Accepted 9 January 2023

Available online 11 January 2023

0360-5442/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/energy
http://www.elsevier.com/locate/energy
mailto:johannes.jaschke@ntnu.no
https://doi.org/10.1016/j.energy.2023.126671
https://doi.org/10.1016/j.energy.2023.126671
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2023.126671&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C.S.M. Nakama et al.

size of the storage tank and reduces the space of solutions, allowing
for efficient and fast evaluation. We apply this method to a case study
which uses historical operating data for the initial design of a TES tank
for the heating plant of the DH system in Mo i Rana, Norway. However,
note that this approach could be adapted to design other energy storage
systems, e.g., batteries [5].

Although latent heat TES can present large energy storage density
and compact sizes, sensible heat TES technology still has lower costs,
is easier to control and large-scale plants have been implemented and
tested [6]. Therefore, for the application of TES considered in this
paper, large, pressurized hot-water tanks are often preferred [7], being
a cost-efficient, well-known and robust technology and often enabling a
suitable temperature range for conventional high-temperature DH [8].
The foremost challenge for DH operators considering a potential TES
investment is determining the optimal capacity of the storage unit,
constituting a trade-off in cost, size and utility. Investment cost and
payback time are normally the key economic parameters, while for
many heating plants, the physical available space for a TES is also a
limiting factor for the size of a tank that can be installed. From an
operational point of view, large tanks increases the TES charging times,
which can negatively impact quick short-term responses [9]. On the
other hand, too small volumes result in frequent temperature saturation
of the tank, which may increase undesirable heat dumping, and thus
the use of expensive peak heating sources. Increasing the TES tank
size also increases the surface area and thus heat losses [10]. Besides
these fundamental trade-offs in different TES sizes, the final utility of
a TES for improving waste heat utilization is greatly affected by the
operational conditions and control strategy of both the heating plant
and the TES. Accounting for the control and operations of the TES
and heating plant during sizing selection can thus reduce the chances
of selecting suboptimal sizes of the TES, improving the economic,
energetic and environmental benefits of TES.

Methods for sizing TES tanks can generically be categorized as
(1) iterative steady-state energy-balance approaches, (2) simulation-
based approaches and (3) optimization-based approaches. Methods
in approach (1), e.g. [11,12] as well as the novel frequency-domain
approach proposed by [13], have the advantage of being fairly simple
to apply, but suffer from only considering the heat amount and not the
time-varying temperature levels in the input-output streams nor the
TES. As a consequence, these methods may overestimate the achievable
performance of the TES.

Contrarily, simulation-based approaches (2) enable incorporating
high-granularity, dynamic models of the TES, the heating plant and the
relevant DH grid connections in the sizing evaluations. These methods
typically evaluate a set of TES sizes in a selected, discretized range
with repeated simulations to determine a suitable size. This is done
by assessing the enabling heat storage and balancing properties of the
TES [9], or by using TES-size-evaluation curves, which consider either
the estimated investment costs alone [14] or a weighted criteria of
costs, heat supply properties of the TES to the DHN, and losses [15,16].
An advantage of simulation-based sizing approaches is that they enable
high-fidelity simulation and analysis of a range of operation modes of
the TES, including faults [17] and advanced control structures [9]. Yet,
no guarantees of system-wide optimality of the identified TES size can
be provided.

Optimization-based approaches (3) seek to identify an optimal TES
size by formulating a design optimization problem, often as a variable
in overall design of combined heat and power plants [18] or also
including the DHN design aspects [19]. While being able to identify
an optimal TES size, these methods often require significant simplifi-
cations in the component models and the dynamic interactions within
the heating plant, TES, and input and output heat streams. Seeking
to capitalize on the advantages of both simulation and optimization
based approaches, a popular class of approaches is hybrid, multi-level
simulations and optimization schemes. Often, a metaheuristic is used
at the design level [20] and a simulation or operational optimization
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model at the lower level [21]. However, guarantees of optimality are
lost when separating design and operations. In addition, operational
models at the lower level tend to be significantly simplified to enable
the large number of iterations required for design-level evaluations.
Common for most of the optimization-based sizing approaches for
TES is that they do not account rigorously for the integrated operational
conditions of the TES and the heating plant [22], or do so in a rather
ad-hoc fashion. To the best of our knowledge, only a few exemptions
exist in the literature; the MPC scheme for hybrid heat-pump and
thermal-storage systems with cost-effective sizing evaluations devel-
oped by [23], and the approach proposed by [24] for optimizing the
capacity of a TES subject to demand uncertainty and incorporation of
operational constraints. The latter approach, however, did not account
for temperature variations and was based on extrapolation with a
representative week to allow evaluation over a 5-year time horizon.
The approach proposed in this work aims to expand available
methods for sizing of short-term TES that incorporates the combined
operational conditions of the TES and heating-plant. The present paper
is outlined as follows. Section 2 describes the methodology proposed
for sizing a short-term TES tank for DH systems with varying energy
source, explaining how the optimization model can be set up and used
in each step of the proposed approach. In Section 3 we present an
overview of the industrial plant considered as the case study along
with historical data. We also detail the implementation of the proposed
method to this process. Section 4 presents and discusses the results,
including an analysis of important mathematical properties of the
optimization model. Finally, we conclude the paper in Section 5.

2. Methodology

In this section, we present the methodology proposed for calculating
the optimal volume of a short-term TES tank for district heating systems
with varying energy sources considering operational conditions. This
method is illustrated in the flowchart in Fig. 1. It contains the following
steps:

Step 1: Optimization model set-up - the dynamic optimization model
for calculating the optimal TES tank volume based on the
mathematical model of the system is built. For that, we use
a model representing operating conditions that will act as
constraints and we define an objective function that accounts
for the distinct desirable characteristics of the TES tank:
investment and operational costs as small as possible, and
robustness to reduce offsets between heat demand and supply.

Step 2: Interval selection - the optimization model is used to screen
the available operational data to determine periods where
TES is beneficial. That is done by calculating the optimal
volume for short-term intervals and the results are used as
basis for the selection of relevant intervals. The screening in
this step removes data that is not relevant to computing the
tank volume.

Step 3: Optimal volume calculation - the selected intervals are com-
bined into a single instance of the dynamic optimization
problem, which is solved for the concatenation of the selected
periods and, in addition, the influence of each term of the
objective function is analyzed.

In the following subsections, each step is further described and support-
ing theory is briefly presented.

2.1. Step 1: Optimization model set-up

The first step is to build an optimization problem for calculating the
volume of a short-term TES tank that can offset the mismatch between
waste heat supply and heat demand in the DH system taking into
account operating conditions. For that, we need a mathematical model
describing the process to be used as constraints of the optimization
model and an objective function that can numerically express the goal
of the TES tank. In this subsection, we describe how the optimization
model can be built and solved.
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Fig. 1. Flow diagram of the three step method for sizing a TES tank for DH systems with varying heat source.

2.1.1. Model constraints
Mass and energy balances are employed as equality constraints,

h(x) =0,

where 4 : R" — R" and x € R" is a vector with all system variables
(i.e. temperatures and flows). They ensure that the optimal volume is
chosen based on operating conditions by limiting the solution space to
containing only points that satisfy the mass and energy balances. In
addition, inequalities,

g(x) <0,

with g : R"% — R", are also considered. They set bounds to the system
variable to further restrict the space of possible solutions. Inequalities
may represent physical constraints, such as positiveness for tempera-
tures, and for energy and material flows, fixing the direction of the
stream. They can also be included to define limits we wish to impose
on the problem, for example, upper bounds for flow rates can be set
based on the capacity of the pumps in the process.

2.1.2. Objective functions

The optimum TES tank volume for a DH system can be determined
by finding a compromise between minimizing (1) initial investment, (2)
peak heating usage, and (3) heat dumped. Objective (3) is associated
with the ability of the TES tank to efficiently make up and save offsets
between heat demand and supply. We assign mathematical expressions
to describe each of these objectives and, given their distinct nature, the
optimization model can be formulated as a multi-objective optimization
problem, i.e., optimization problems in which more than one objective
function are present. Generally, the objective function for this type of
problems is represented as

min G, 200 e f, ()

where f; : R" — R with i = L...,ng. When dealing with multi-
objective optimization problems, a solution that minimizes all of the
objective functions at once is usually not possible. They are likely
conflicting, which means that multiple solutions exist. A popular way
of handling a multi-objective optimization problem is by aggregation
or transformation of the objective functions into a scalar function. The
idea is to combine the different objectives into a single expression or to
reformulate the problem, for example setting upper bounds to all but
one objective, and adding them as inequality constraints [25].

If we analyze the goals we defined for an optimal TES tank, we can
see that objective (1) directly conflicts with objective (2); the larger
the tank volume, the more heat can be stored and less peak heating is
needed, but initial investment increases. Here, we propose to handle the

multi-objective problem by combining the different objectives to obtain
a scalar expression to be minimized using two different approaches. If
we think of the second goal in economical terms, we can formulate a
new metric, the payback period. This metric establishes a relationship
between the initial investment and financial savings resulting from the
use of TES and consequent reduction in the peak heating use. The
idea is to obtain one parameter that can economically combine these
different objectives and be used in the objective function.

We then propose to combine the payback time with objective (3)
to obtain a scalar objective function using the weighted sum method,
which simply adds the objective functions and assigns weights to them
that add up to 1. These weights represent their relative importance to
the user. Here an important aspect to mention is that the objective
functions should be in the same order of magnitude, so they need to
be scaled if necessary.

2.1.3. Solving the dynamic optimization problem
We can now put together the elements that have been discussed to
obtain the optimization model,

min « - Payback + (1 — @) - Dumped heat (1a)
s.t. h(x)=0 (1b)
g(x) <0, (1c)

where 0 < a < 1 is the weighting parameter for the weighted sum
method for multi-objective problems. Given the dynamic nature of the
problem posed by this work, A(x) may contain differential equations,
characterizing the model representing the process as a system of differ-
ential algebraic equations (DAE). Nonlinear programming (NLP) solvers
cannot directly handle differential equations as constraints. However,
there are strategies we can adopt to solve dynamic optimization prob-
lems with this type of solvers, e.g., for large-scale problems, the most
used method is the simultaneous approach, in which all time-dependent
variables are discretized into n, € N finite elements. Once we have a
discretized model, there are two methods we can implement: multiple
shooting and orthogonal collocation. The former uses an embedded
DAE solver to integrate the system at each finite element, while the
latter approximates the integrated intervals to a polynomial of order
n € N, which is the number of collocation points used within the finite
element [26].

2.2. Step 2: Optimization-based interval selection

The main idea of this step is to screen the available operation data
to identify periods where energy storage has sufficiently large potential
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Fig. 2. Example of energy supply and demand data with high variability discretized into 5 intervals. There is little or no savings potential in the intervals not selected.

for affecting the economics of the system (representative intervals).
This requires defining the time scale for the energy storage. We use this
method to investigate short-term energy storage, which is supposed to
offset mismatches between demand and supply for up to a few days.

Ideally, we would like to calculate the volume of the tank with the
complete data for the season. However, there are two main issues with
that approach: the problem would become too large with too many
degrees of freedom, which is challenging to solve, and the operation-
related objective function of reducing waste heat dump is associated
with the short-term period selected (avoiding waste heat dump based
on the whole season would result in an oversized tank for its purpose).
Therefore, in this step, we first discretize the season into smaller
intervals of length defined to be as long as energy should be stored
for.

A simple approach is to define one representative short interval as
basis; however, this is not easy due to lack of periodicity in the data.
We propose a different approach that selects several representative
intervals within the entire long period that have a strong influence on
the optimal volume. For that, we set lower and upper bounds to the
volume of the tank based on prior knowledge of the process and the
available data and solve the NLP problem represented by Eq. (1) for
each short interval; the selected ones are those in which a local optimal
solution is found and the calculated volume is not at either bound. The
reasoning behind this approach is that, if the volume is at the bound,
the mismatch between demand and supply is too large and the optimal
volume for the TES tank would either be too large or too small, if
needed at all. For example, if waste heat supply is greater than heat
demand during the entire period, peak heating is not used and excess
heat can be used to increase and maintain the TES tank temperature at
maximum value. In this case, the volume of the tank is not particularly
relevant, since it only influences how much waste heat is dumped once
the TES tank reaches its maximum temperature. On the other hand, if
waste heat is not enough for the period, the calculated volume can be
very large because only the heat already stored in the tank is available
to reduce the use of peak heating. Therefore, the intervals of interest
should be those in which moments of excess waste heat availability
alternates with moments of greater heat demand within approximately
the length of the intervals.

Fig. 2 shows an example of energy supply and demand data with
high variability and illustrates the discretization into intervals and
their selection as discussed. In the first and last intervals, there is
no alternating behavior, therefore energy storage is not relevant. In
the second and third intervals, there are alternating periods of energy
excess and deficit, which makes energy storage beneficial and these
intervals can influence the TES optimal capacity. In the fourth interval,
supply and demand present similar values, with small excess or deficit;
typical TES configuration (size) should make up for these off-sets,
therefore this interval is not relevant for sizing energy storage.

2.3. Step 3: Optimal volume calculation

With the representative intervals selected, step 3 consists of calcu-
lating the optimal volume for the entire period represented by the data

using a single instance of the optimization model defined in step 1. To
connect all the selected intervals, we assume that the TES tank is not
used during the periods not selected, i.e., the end temperature of the
TES tank in an interval is the initial temperature of the next, regardless
whether they are consecutive or not. This assumption is reasonable
because, for the time scales considered, we can assume that there is
negligible heat loss and no energy from the tank is used during the
period.

An important factor that influences the optimal volume calculation
is how we solve the multi-objective optimization problem since the
method used to define the scalar objective function attributes weights
to each objective either direct or indirectly. Given that the payback
time is an important metric when deciding the volume of a TES tank, we
consider the balance between savings and investment cost represented
by the payback time to be a suitable cost function candidate. However,
in general, the operators of such a plant will also have the desire to save
waste heat; therefore, a balance between payback time and how much
waste heat will be allowed to be discarded must be found. This trade-
off is not straightforward. If we attribute a large weight to dumping
excess waste heat, then payback time is not as important and increases,
allowing for a greater volume. Analogously, if the dumping heat term
has a small weight, decreasing the payback time is prioritized and
the optimal tank size becomes smaller. Therefore, a trade-off analysis!
varying the weights of the summed objective functions is performed to
analyze how it influences the optimal volume.

3. Case study

In this section we present a case study that considers the initial
process design of a shot-term TES tank for an existing district heating
plant using industrial waste heat based on historical data. We show
how the proposed method can be used to find an optimal volume
and elucidate its relation to the objectives of the TES tank. Below, we
describe the process of the heating plant of Mo District Heating system
located outside the city of Mo i Rana, Norway and the historical process
data used, and detail how the method is applied to this process.

3.1. General process description

The heating plant, located in Mo Industry Park, produces 85-90
GWh per year mainly using waste heat recovered from off-gas from the
Elkem Rana ferrosilicon plant. While today about 90% of its annual
heat production is recovered waste heat, the asynchronous nature of
the availability of waste heat and the heat demand by the city is
addressed by peak heating boilers that are used when the waste heat is
insufficient to bring the water to the desired supply temperature. These
peak heating boilers can operate on CO-gas or electricity, with the
decision based on the availability of CO-gas and the electricity price.

1 Due to the non-convexity of the model and the use of the weighted sum
method along with an NLP solver that only finds local solutions, formally, this
trade-off analysis should not be called Pareto front.
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Fig. 3. Simplified representation of the heating plant of Mo District Heating with main flows. Flows from and to the TES tank are bidirectional with ¢, and g, representing the

operating direction. Black lines: Existing installation, Gray lines: proposed TES system.

Fig. 3 shows a simplified flow diagram of the described DH plant
in black. Essentially, water returns from the city and the waste heat
boilers, which have total power peak of 22 MW and maximum outlet
temperature of 120 °C, are used to supply heat to the city. If the waste
heat is greater than the heat demand, the excess heat is dumped, while
insufficient waste heat is compensated by the peak heating boilers,
which have a maximum capacity of 21 MW. Also, part of the flow
returning from the city can bypass the waste heat boilers to cool the
supply water if necessary. These decisions are made at each instant by
a controller based on outdoor temperature compensation, i.e., based
on the external temperature, the control system determines the outlet
temperature of the boilers.

By implementing a TES tank, it is possible to store some of the
energy that would otherwise be dumped to be used when peak heating
is necessary, reducing its overall energy consumption. The TES tank
for the considered DH system is represented in gray in Fig. 3. When
integrated in the process, excess heat to be stored can be transferred to
the water in the waste heat boilers by directing part of the flow to the
tank at node B. Since the volume of the tank is kept constant, the same
flow leaves the tank and is merged to the returning water at node A.
In contrast, when the available waste heat cannot meet demand, heat
from the tank can be discharged to the main flow at node B while part
of the returning water is directed to the TES tank at node A.

3.2. Process data

We use historical data from Mo District Heating, supplying heat to
the citizens of Mo i Rana, Norway, in the period from November 2018
through April 2019. This data have also been used by other authors [9,
24]. The top plot in Fig. 4 shows the total waste heat available and
heat demand from the city for this period for every hour. We consider
this period as the period of interest in a year, since we consider only
short-term TES and between May and October heat demand is low and
peak-heat is generally not required. The bottom plot in Fig. 4 shows the
peak heating used during the considered interval. The total waste heat
available for the period corresponds to 99.2% of the total heat demand;
however, the total peak heating used corresponds to 14.8%. That is,
the total available waste heat is almost enough to satisfy demand, but
due to a mismatch between heat demand and waste heat availability,
peak heating is used today and is responsible for significant costs and
emissions. These, however, can be reduced with the implementation of
a TES tank.

In addition to heat demand, peak heating and waste heat, measure-
ments for the return and supply temperatures from and to the city,
respectively, are available. The total mass flow rate that goes through
the process is calculated from heat demand and return and supply
temperatures using an energy balance and known properties of water
and, therefore, considered known information. The available data have
average numerical values for every hour of the considered period.

3.3. Step 1: Optimization model set-up

3.3.1. Mass and energy balances

The mathematical model for the Mo District Heating system is
comprised of energy and mass balance equations. For this case study,
we adopt some simplifying hypotheses for the model, since we consider
the initial design of the tank, and the main focus of this study is to
evaluate and demonstrate the method. However, it is important to
note that a more detailed model could also be used. For example, we
consider a homogeneous TES tank but it could be easily substituted by
a more detailed model, such as a stratified TES tank.

We assume heat losses in the system (e.g. natural convection with
the environment) are negligible and that the water flow supplied to
the city is equal to the returning flow at each instant of time. This
implies that the holdup of water in the system remains constant, i.e. no
accumulation of mass. The dynamics of the temperature in a large
tank are much slower than the dynamics of the flow in the rest of the
system; therefore, we only consider dynamics for the energy balance
in the TES tank, all other changes in the process are assumed to
happen instantaneously. We also assume that the properties of water
are constant.

The returning water from the city is split in node A into two streams
(Fig. 3), and the corresponding mass balance can be expressed by

9an(®) — qsys(’) - ‘Ibp(t) =0, 2

where g4, (1) is the water mass flow rate from and to the city, oys() is
the flow rate directed to the waste heat boilers and/or the TES tank,
and gy, (1) is the flow rate that bypasses the waste heat system. Besides
the balance in node A, we need an additional balance for node B that
specifies when the TES tank is used,

qsys(t) = qwhb() — q4() + q5() =0, 3)

where g, () and gy(¢) are the mass flow rates associated with discharg-
ing and charging of the TES tank respectively. Here, it is important
to note that g,(r) and ¢p(r) are non-negative values that represent
a bi-directional flow. Therefore, they cannot assume nonzero values
simultaneously, i.e., charging and discharging do not occur at the same
time. This logical expression may be represented mathematically as the
complementarity

0<q,4@) L gp(®20. (€]

This notation means that g4 and gz need to be non-negative, and that
at least one of them must be zero. Energy balances need to be defined
at points where streams of different temperature are split or merged.
At node B, the energy balance is given by

4sys(DCy T ret() + 4p(NCy Trps (1) — b (DC, Tp(1) — g4 (NC, Tp(1) = 0, (5)
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Fig. 4. Heat data from Mo District Heating plant from November 2018 through April 2019.

where C;”’ is the specific heat capacity of water, Ty, ¢(?) is the tem-
perature of the returning water, Trgg(?) is the temperature of the TES
tank, and Ty(r) and T.(r) are the temperatures at nodes B and C
respectively, and g,,;,;,(t) is the flow rate directed to the waste heat
boilers. Analogously, the energy balance at node C is

dwhb(NCy Twhp @) + 44 (NC, Trps(1) = dsys(VC, T (1) = 4p(MC, T (1) = 0, (6)

with Ty, (1) as the outlet temperature of the waste heat boilers, while
at node D, the energy balance is given by

pr(t)CpTdh,ret(t) + qsys(’)cpTC(l) - qdh(t)CpTD(l) =0, (7)

where T (¢) is the inlet temperature of the peak heating boilers.

For both waste heat and peak heating boilers, we assume that the
heat is uniform and rapidly transferred to the main stream; this way,
dynamics are not taken into account. Therefore, the energy balance
around the peak heating boilers is given by

Ophb (1) = 4an OC,(Tppp () — Tp(1)) = 0, (8)

where Qpp,(#) is the peak heating rate required to bring the water to
the demand supply temperature, and Tp,p,,(#) is the outlet temperature of
the peak heating boilers. Similarly, the waste heat boilers are described
by the following energy balance

©)]

where Q,;,, (1) is the portion of waste heat rate that is transferred to
the water. Additionally, an equation comprising the portion that is
dumped, Oaump(?), is necessary, that is

Ouwhb () = dwhp OC, (T () — Tp(®)) = 0,

Ouwhtotal ) = Qunp(®) — Qdump(t) =0, (10)

where Qo1 () is the total rate of the waste heat available.
Lastly, the energy balance for the TES tank is expressed by

%(pVTESCpTTES(t)) = g4(NC,(Trps(t) — Tp(®)) — qg()C, (Trps(t) = T (),
1n

where p is the water density and Vqgg is the TES tank volume. Consid-

ering that p, Vg and C, are constant, we rearrange this equation and

write as the ODE

dTres(t)  qu(0)
dt V1gs

(T() — Tres() + a50) (Te® — Tres(@)). 12)
S

If we take Egs. (2)—-(10) and (12) as constraints, the presence
of Eq. (4), which imposes that either g, or g is greater than zero
and not both, results in a dynamic optimization problem that can

also be classified as a mathematical program with complementarity
constraints (MPCC). This type of problem is numerically challenging
to solve because the restriction that at least one of the variables in the
complementarity must be zero makes the solution space non-smooth.
Efficient large-scale NLP solvers require smoothness of the model;
therefore, it is common practice to reformulate complementarities so
that NLP solvers can be used to solve MPCC problems [27].

Here, however, we can avoid complementarity constraints in the
optimization model by using system information known a priori. Having
both waste heat and heat demand profiles available, we define that the
tank is only charged when there is excess heat, and discharged when
waste heat surpasses heat demand. This way, the complementarity
constraint (4) is replaced with

qa) =0,
qp(®) =0,

if Qwhtotal(t) 2 Qdemand(t)

if Qwhtotal(t> < Qdemand(t>

13

and the problem becomes a classical dynamic optimization model. Note
that the rate at which the tank is charged or discharged is still a free
variable, and determined by solving the optimization problem.

3.3.2. Multiple objectives for optimization

We begin setting up the optimization by defining the mathematical
model described in the previous subsection as equality constraints.
Inequalities corresponding to limitations for the process variables are
also added as constraints. Table 1 shows the lower and upper bounds
defined for each variable in the optimization problem for limiting their
possible value at the solution.

We now need mathematical expressions that can represent the three
distinct objectives the short-term TES tank must meet. The first one
would be to minimize investment cost, which is a function of the
volume of the TES tank. The mathematical expression was obtained
from [14], where they used previous implemented projects from [28]
to define an equation for investment cost, given by

I(V) = 0.0047V 5218, (14

where I(V) is the initial investment cost in million euros, and V is the
tank volume in m?3.

For the second objective we want to reduce the use of peak heating,
which economically is equivalent to maximize savings in peak heating
cost. This can be described as the difference between the operational
cost of peak heating with and without TES, which is expressed by

B = Cpeak/ . (Qphb,noTES(t) - Qphb(t))dts (15)
period
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Table 1
Bounds of the operational variables in the optimization model for sizing a TES tank
for DH systems.

Variable Lower bound Upper bound Unit
Ties 40.0 120.0 [°Cl
Ty 40.0 120.0 [°C]
T 40.0 120.0 [°C]
Ty, 40.0 120.0 [°C]
Tomb 40.0 120.0 r°cl
Ophp 0.0 0 [MW]
Ouhb 0.0 22 [MW]
Qaump 0.0 Ouhtotal [MW]
Qi 0.0 333.3 (%]
aa 0.0 1388.9 [%]
s 0.0 1388.9 [‘%]
Gbp 0.0 ddn [ "TE]
sys 0.0 9an [%]

where B is the total savings in peak heating, Cp, is the price of peak
heating per energy unit, and Qppy, nors 1S peak heating consumption
without TES.

The third objective is to be able to make up offsets between heat
demand and supply, which can be accomplished by storing excess
waste heat to be used when demand is greater than waste heat supply.
We can express it as minimizing dumped waste heat, Odump(®), SO
that excess energy can be later used in moments of higher demand.
Mathematically, this objective can be described as the mean square of
waste heat dumped during the considered period,

1
/ Qaump(®’dt, (16)
period

period

A

where Aperioq is the period length. Raising the waste heat dumped to
the power of 2 helps with convergence when solving the optimization
problem, which is further discussed in Section 4.1.

As described in Section 2.1.2, the first two objectives are reformu-
lated into a new metric, the payback period, N, given by

(V)
B
In addition, to obtain an objective function that results in a scalar,
we combine Egs. (16) and (17) using the weighted sum approach for
multi-objective models.

Having the objective function and model constraints, we finally
obtain the complete optimization model defined for the problem of
sizing a short-term TES tank in this case study, which is mathematically
expressed as follows

1

N = a7)

min ¢ =aN +f / O gump®)*dt 18)
x period

s.t. Egs. (2), (3), (5)-(13)
Egs. (14), (15), (17)

period

xip; S % Sxyp; forj=1....n,

where f and « are the weighting parameters for the combined objective
function, x is a vector containing all variables, x;p and xyp are lower
and upper bounds for the variables respectively, and n, is the total
number of variables.

3.3.3. Discretized dynamic optimization problem

To solve the dynamic optimization problems defined for this case
study, we use orthogonal collocation of order 1 with Radau collocation
points, which is commonly used for dynamic optimization. After the
discretization of the resulting dynamic optimization model, we finally
obtain a classical NLP problem given by

) h
min ¢ =aN + ﬁn—nQdumpng (19a)
t

VrEs.q
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s.t. qéh - q;ys - qlgp =0 (19b)
Giys ~ Gugty — G4 + 9 =0 (190)
45ysCpTan rer + 95CpT1es ~ duunsCp T~ 44 Cp T =0 (19d)
qIIJpCI’Td,h,ret + 45y C)Te = 4y CTp =0 (19¢)
Opb ~ 4 Co Ty — Tpp) =0 (191)
Ounb = Doty Cp Ty = T) (19g)

i/vhtotal - Qi/vhb - QZiump =0 (19h)
i i—1 q'A i i qlB i i :
Tigs = Trgs t (T - TTES) + (T - TTES) (191)
V1Es VrEs
I =0.0047V,36218 (19))
ny
B = Cpeach Z(Q;hb,nonas - Q;Jhb) (19k)
i=1
N-B-I=0 @9
qi‘x =0, if Qi/vhtotal 2 Qi:lemand (19m)
th =0, if Qi/vhtotal < Qiiemand’ (190
xipj < xj. <xgg; forj=1,....n,
where # is the time step size, i = 1,...,n,, and T‘?ES is the initial TES

tank temperature. This NLP problem is implemented in Julia, using
JuMP [29] as mathematical programming language and Ipopt [30] as
the NLP solver.

3.4. Step 2: Interval selection

The interval length must be defined for the screening of the data
described in Section 2.2. We consider a time scale for energy storage
of 3 days, that is, we define the interval length to be 3 days. The
idea is that, within 3 days, the TES tank should be able to make up
for offsets between heat demand and supply. Bounds for the volume
tank are also determined; we consider upper and lower bounds to be
5000 and 100 m?® respectively. To solve the optimization model in this
step, the weighting parameters of the multi-objective function are set to
a =0.1and # = 0.9, i.e., in this step, the optimization focuses mainly on
storing energy to avoid dumping excess heat. In addition, the dynamic
variable, Tygg, needs an initial value; for the first interval, it is set to
95 °C (which is approximately in the middle between the bounds), and
the following ones use the end TES tank temperature of the previous
interval. For each three-day period, problem (19) is solved. Any three-
day that yields a TES volume between 100 and 5000 m? is selected
as a heat-storage interval, and is later included in the overall volume
calculation in Step 3.

3.5. Step 3: Optimal TES volume calculation

Now the intervals selected in Step 2 are combined into an overall
period, which is used for determining an optimal TES volume by solving
Eq. (19) one more time. For that, the initial value for Trgg is also set
to 95 °C. Moreover, to analyze the system thoroughly, we perform a
trade-off analysis of the competing objective functions, with g varying
from 0.1 to 0.9 and « accordingly.

4. Results and discussion

This section presents numerical results of the case study based on
the data from the Mo District Heating system. We start by discussing the
optimization model, focusing on an analysis of the degrees of freedom
and ill-conditioning handling. Next, results for the interval selection
based on 3-day periods are shown, followed by an analysis of the
optimal TES tank volume calculated for the complete 6-month period
considered for this study.
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Fig. 5. Example of non-unique solutions.

4.1. Step 1: Optimization model set-up

Before solving an optimization problem, it is important to analyze
some aspects of the model to better understand its limitations and
interpret the results. A relevant analysis to perform is to inspect the
degrees of freedom of the set of equations acting as equality constraints
for the problem, as they indicate the flexibility of the model. Here we
have 4 free dynamic variables (total of 4 xn, discretized variables) plus
1 static variable; the latter can be defined to be the volume of the tank
and the former, how the water is distributed within the system, i.e., dsyss
dbps dwhbs and g4 or gp, depending on constraints (19m) and (19n).

4.1.1. Handling non-unique solutions

For a design problem, we ideally would like only Vigg to be a free
variable, since having the flow distribution as free variables translates
to non-unique solutions for this case, that is, different configurations
can lead to the same optimal value for the objective function. For
instance, suppose that 100 kg/s of water returns from the district at
60 °C and that the heat rate at the waste heat boilers is 12.6 MW, as
shown in Fig. 5a. If all the water is directed to the waste heat boiler, it
reaches 90 °C, but if 20 kg/s of returning water bypasses the system,
the remaining stream leaves the waste heat boiler at 97.5 °C, and once
they are mixed again (see Fig. 5b), the new temperature stream is 90 °C
as well. From an operational point of view, there would be no reason to
bypass a fraction of the returning water. However, these two situations
are mathematically equivalent with respect to the objective function,
no waste heat is dumped and they do not influence the volume of the
tank or savings.

Due to the model formulation, there are infinite flow distributions
that can result in the same objective function value, which means that
the optimization problem is ill-posed. One could implement a complete
control model that would determine the exact optimal operation, for
example, to tackle this issue. However, it would greatly increase the
complexity of the problem. Since this methodology focuses on finding
an optimal volume for the TES tank, obtaining the most physically
meaningful flow distribution is not a priority; having a mathemat-
ical tractable model is more important at this stage. Therefore, to
deal with the situations illustrated in the previous paragraph, we add
¢,-regularization terms to the objective function to help the solver
converge to a local minimum that selects one flow distribution among
the possible solutions. The regularized objective function is then given
by

h
¢ =aN + B~ [1Qqumpll + %1 9wt lI3 + k2 llanp 13, (20)
t

where k; and k, are tuning parameters set to 10710, which is small
enough to help convergence to a unique point and such that its effect
on charging and discharging of the TES tank can be neglected.

4.1.2. Quadratic vs. linear penalty terms

To illustrate how the curvature introduced by using quadratic terms
in the objective function influences the results, consider a toy example
for an 8-hour interval represented in Fig. 6. There is excess waste heat
for almost the entire period, except from 3 to 4 h when demand is

greater and peak heating is used. In the top plot, we calculated the
optimal TES tank volume for this interval with a linear term for waste
heat dumped, 1Qdumpll1> in the objective function, while the bottom
top was obtained using the quadratic term, ||Qdump||§, in Eq. (19a);
these results are represented by solid lines (scenario I). We create a
second scenario (II) by subtracting 1 MW from waste heat dumped in
the first hour and adding it to the second hour, that is, an extra 1 MW of
waste heat is used in the first hour and the same amount is discounted
in the second hour. The optimization problem is then re-solved. As
expected, in both scenarios the formulation with the linear term results
in the same objective value of 61.86. However, the formulation with the
quadratic term was lower in the first scenario when heat dump is kept
approximately steady, resulting in an objective value of 62.65; while
for the second scenario this value was 62.92.

These observations show that the solver might have issues choosing
one of these results for the linear term, but the quadratic term is better
defined and the solver converges more easily to the first scenario. The
overall results, however, are all equivalent when we look at the goals of
the TES tank; they all result in the same volume of 100 m3, peak heating
is not used, and the temperature of the tank is the same by the end of
the interval, having the same amount of energy stored for future use.
Therefore, for this method, we prioritize convergence properties and
assume that the local solutions to the optimization problem are mathe-
matically equivalent to the optimal operation conditions, meaning that
realistic optimal conditions should result in the same objective value
and energy balance.

4.2. Step 2: Interval selection

Based on the decision to consider energy storage on a time scale of
3 days, the period from November 2018 to April 2019 was divided into
sixty 3-day intervals and the nonlinear optimization problem described
by Eq. (19) was solved for each interval. Fig. 7 shows the results for
three representative intervals illustrating three possible scenarios. The
left plot of each interval presents the TES tank, DH return, and DH
supply temperatures, while plots on the right show waste heat supply
and heat demand as well as peak heating use with and without a TES
tank.

In the first scenario, shown in the top two plots, Fig. 7a, there is
mostly excess waste heat with a small use of peak heating at about
15 and 70 h (purple dotted line in left plot), which can be avoided
with a small tank volume, so the optimal volume for this interval hits
lower bound. Therefore, any volume within the possible range would
be suited to eliminate peak heating use for this window, and it is not
selected as a relevant interval.

Note that the results shown in Fig. 7a also illustrate the discussion
on multiple solutions presented in the previous subsection. For this
interval, heat demand (dashed green line in right plot) is only consid-
erably greater than the waste heat available (dashed red line in right
plot) at about 14 and 69 h, when peak heating is used. Since the initial
temperature of the tank is 95 °C, the tank could be initially charged,
then discharged to avoid the use of peak heating, and charged again to
store more energy. However, we can see by the temperature variation
(solid blue line in the left plot) throughout the interval that the tank
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Fig. 6. Toy example for comparing the effects of using linear (a) or quadratic (b) terms for waste heat dump in the objective function, both lead to a tank volume of 100 m?.

However, the quadratic formulation gives better convergence properties.

is charging during most of the initial period, discharging at about 10 h
for a short period (which decreases its temperature), but ending at a
high temperature with stored energy. Even though this operation would
not be performed in practice, it represents the flow distribution that
minimizes the mean square of waste heat dumped, and the objectives
of the TES tank are met with a 100 m3: peak heating is completely
avoided and energy is stored for later use.

For the second period, Fig. 7b, heat demand (dashed green line in
right plot) is larger than supply (dashed red line in right plot) during
the entire interval, and the TES tank temperature (solid blue line in the
left plot) is lower than the return temperature from the district (dashed
orange line in the left plot) for some small periods, specifically between
20 and 30 h and about 50 and 65 h. When the return temperature
is lower than the TES tank temperature, heat stored in the TES tank
can be used, indicated by the decrease in its temperature. In this case,
the calculated TES tank volume hits upper bound, since the larger the
volume the more heat is available in the tank. However, given the
little difference between the TES tank and return temperatures here,
potential savings are very small compared to the cost of the tank; hence
this interval is also not selected.

The last 3-day interval, Fig. 7c, has alternating moments of waste
heat surplus and shortage. The optimal volume for this interval is
within the defined range, and both the TES tank temperature (solid
blue line in the left plot) and heat savings (difference between the
dotted purple line and the solid blue line in the right plot) show that
this interval is relevant for the long-period optimization problem, and,
hence, is selected.

Regarding the interval selection for the entire season, 25 out of 60
intervals were selected using the criteria presented in Section 2.2; their

optimal TES tank volumes were not at upper or lower bounds. This
reduces the size of the final optimization problem for finding the tank
size by almost 60%. The distribution of the selected screened optimal
tank size values is presented in Fig. 8. We can see that approximately
half of the intervals resulted in small tank volumes, i.e., lower than
500 m®, while the remaining optimal volumes are distributed from
500 to 3500 m3. Lower optimal volumes can result from intervals in
which offsets between heat demand and waste heat supply are not too
large. Intervals with several alternating short moments of surplus and
shortage of waste heat supply, such as the interval corresponding to
the plots in Fig. 7c, also lead to lower optimal volumes. On the other
hand, greater volumes are associated with longer periods of waste heat
shortage, small waste heat excess compared to heat demand, and/or
low initial temperature of the TES tank, since, in these situations,
the tank would need to have enough energy stored to be converted
into significant savings. Fig. 9 shows the results of an interval that
illustrate these situations. Note that heat demand (dashed green line
in the right plot) is greater than the waste heat available (dashed red
line in the right plot) during most of the interval, except for a period of
around 10 h, approximately from 12 to 22 h. The high initial value and
decreasing profile of the temperature of the TES tank (solid blue line
in the left plot) indicates that, during this interval, energy previously
stored in the tank is consumed to reduce peak heating (from the dotted
purple line to the solid blue line in the right plot).

4.3. Step 3: Optimal TES volume calculation
4.3.1. Optimal volume for nominal weights in objective function

To calculate the optimal volume of the TES tank, data from all
the selected intervals was used in the optimization problem (19) to
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Fig. 7. Temperature and heat profiles for three intervals to illustrate possible scenarios considered for relevance assessment.
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create a single instance of the optimization model. Using the same
weight parameters for the objective function that were employed for
the interval selection, i.e. « = 0.1 and g = 0.9, the optimal volume was
found to be 4314 m3. Under the assumption that the selected intervals
represent a possible savings of a TES tank in a year, the calculated
optimal payback time is 11.66 years and savings are NOK 755,951 per
year. Note that, in this case, the weight assigned to dumped waste heat
is 9 times greater than the one assigned for the payback time, resulting
in large volume and payback time.

4.3.2. Trade-off analysis

The results of the trade-off analysis with respect to the weights «
and p in the objective function are presented in Fig. 10. The plots were
generated by varying « from 0.1 to 0.9, and varying g accordingly such
that their sum is 1. The circles describe the relationship between the
two contradicting terms in the objective function, total dumped waste
heat and the payback time. In addition, the triangles represent how
annual savings increase as payback time, and consequently volume,
increases. Given that the relationship between the two objectives is
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concave, choosing an optimal volume for the TES tank is a trade-off
situation, a solution that can minimize both objectives simultaneously
is not possible, as expected.

By analyzing Fig. 10, we decide V = 1388 m3, corresponding to a
payback time of 7.12 years and savings of NOK 611,159, to be a suitable
volume for a short-term TES tank in the Mo District Heating system,
which is the highlighted point in the set. Besides being a volume that
represents a compromise between both objectives, the payback time
seems reasonable [12] and we can see that, starting at this point, the
rate of change for the savings presents a more accentuated decline. A 1-
year shorter payback time would reduce savings in approximately NOK
86,000 per year. However, increasing the payback time with 1-year, the
savings would only increase about NOK 45,000 per year. Moreover, our
result is in the same range as found in earlier case studies [9,12] for the
heating plant of Mo District Heating. However, differently from these
studies, our work uses a rigorous optimizer to determine the optimal
volume.

Fig. 11 shows the resulting operating conditions for the entire 6-
month period for the selected TES tank volume. The temperature profile
for the TES tank is presented in the top plot, original peak heating use
is compared against peak heating use with the optimal TES tank in
the middle plot, and an analogous comparison is made for waste heat
dumping in the bottom plot. The reduction in peak heating use and
waste heat dumping are evident, as shown in both middle and bottom
plots, specially in periods with alternating waste heat excess and higher
demand.

4.4. General discussion

The proposed method has the advantage of being simple to imple-
ment using any scientific programming language while being able to
consider moderately complex models based on operating conditions of
the process. Compared with iterative, steady-state or simulation-based

11

approaches, the suitable TES volume can be identified from a full space
of solutions. This avoids exhaustive investigation of discretized TES
candidate size, and enables better precision of the sizing decision. The
class of dynamic optimization problems considered in this work can be
challenging because they are likely to have infinite solutions. Therefore,
carefully formulating the problem and understanding its mathematical
properties are required. An analysis of the multi-objective optimization
model, such as the one presented in Section 4.1, is important to ensure
convergence and for the critical evaluation and interpretation of the
results.

Another important feature is that this model is general and not
limited to the case study presented. Other types of TES for short-term
operation, e.g. latent heat storage, can be used as long as a numerical
model for operation is available. In this case, the implementation of the
steps would remain the same, formulation of the optimization model
based on a mathematical representation of the operating conditions
of the TES and process, interval screening and solution of the multi-
objective model. However, the interval length for discretization can
change based on the process and storage necessity.

5. Conclusion

The problem of finding an optimal volume for a short-term TES
tank for a DH system using waste heat with high variability based
on operating conditions has two main challenges: dealing with the
different time-scales for both the payback period and the operation of
the TES tank, and finding a trade-off between the conflicting objectives
of the tank, namely minimizing investment cost and minimizing waste
heat dumping. We have shown that a single multi-objective dynamic
optimization model can be systematically used to evaluate decrease of
peak heating consumption in short-term periods and select the relevant
ones to obtain an optimal volume for a long horizon. The multi-
objective formulation can be used to study the trade-off of the different
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Fig. 11. Optimal operating condition results for optimal TES tank volume of 1388 m?.

goals set to short-term TES tanks. For the case study considered, by
carefully analyzing the results, we selected a volume of 1388 m3 within
a range of 100-5000 m3 as the optimal volume for the Mo District
Heating system.
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