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Domestic hot water and space heating demand in buildings contribute a high share of final energy
demand. This demand is often met by fossil fuels, leading to large greenhouse gas emissions. Although
renewable energy can be used for heating, there is time discordance between heat supply and heat
demand. Seasonal thermal energy storage is a viable solution to overcome this mismatch. This paper
presents a simulation method and a simple tool to assess the feasibility of integrating a seasonal thermal
energy storage equipped with heat exchangers and/or heat pumps in a district heating system. The
developed method and tool are generic and allow the simulation of hourly energy flows using energy
balances and predefined conditions. In order to validate the proposed method, the result of the simulated
energy flows from two selected systems, Friedrichshafen and Marstal, are compared with monitored
values reported in literature. The comparison shows that while simulation of monthly energy flows
depends on the accuracy of inputs to the tool, annual energy flows can be closely replicated. Hence, the
method can be considered as validated. This simulation tool and method can be used to assess energy

Simulation

flows in a district heating system in future.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Space heating (SH) and domestic hot water (DHW) production
in buildings contributed to about 60% (36 EJ) of final energy de-
mand in countries’ with cold climate and about 43% (24 EJ) in
countries in moderate and warm climate in 2010 [1]. In Europe the
situation was similar and heating contributed to 80% (SH-65% and
DHW-15%) of the final energy demand in the residential sector in
2016 in EU-28 countries [2]. On the supply side, 54% of heat in
buildings was provided by fossil fuel boilers and 24% was supplied
by electric heaters in 2017 [3]. The remaining heat was supplied by
district heating (DH) (12%), renewable energy (RE) (8%) and heat
pumps (HPs) (2%) [3]. Thus, on one hand heating contributes to a
large share of energy demand and on the other, it is dependent on

* Corresponding author.
E-mail address: Kapil.Narula@unige.ch (K. Narula).
1 OECD countries excluding Australia, Mexico, New Zealand and Israel, and non-
OECD countries in Europe and Eurasia.
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fossil fuels thereby leading to large greenhouse gas (GHG) emis-
sions. In order to lower emissions, countries agreed on global
peaking of GHG emissions, ‘as soon as possible’, and attaining GHG
emissions neutrality in the second half of the century as a part of
the Paris climate agreement in 2015 [4]. Hence, it is important to
decarbonise the heating sector.

Heat demand in buildings is seasonal in nature with peaks in
winter months, while RE is intermittent and excess solar energy is
often available in summer months. This leads to a time discordance
between heat supply and demand. In periods of low heat demand,
excess heat may also be available from waste incinerators, indus-
trial heat rejects, low temperature heat from waste water treatment
plants and data centres. Thermal energy storage (TES) is a viable
solution to overcome the mismatch between heat supply and de-
mand as it can store heat on an hourly, daily, weekly and seasonal
basis thus contributing to a global energy transition [5]. Seasonal
thermal energy storage (STES) is being increasingly used to facili-
tate fluctuating RE production and it is estimated that more than
90% of the globally installed thermal storage capacity was used for
capacity firming and time shifting of energy generated from RE in
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Abbreviations

ATES Aquifer thermal energy storage

BTES Borehole thermal energy storage

CoP Coefficient of Performance

CSHPSS  Central solar heating plants with seasonal storage
DH District heating

DHW Domestic hot water
EINSTEIN Effective integration of seasonal thermal energy
storage systems in existing buildings

GHG Greenhouse gas

HE Heat exchanger

HP Heat pump

ORC Organic Rankine cycle

PES Primary energy supply

PTES Pit thermal energy storage

RE Renewable energy

SH Space heating

STES Seasonal thermal energy storage
TES Thermal energy storage

TRNSYS Transient system simulation tool
TTES Tank thermal energy storage

WGTES  Water gravel thermal energy storage

Nomenclature

B Width of the PTES at base [m]
COPcarnot  Carnot efficiency [%]

COPmax  Maximum COP of HP [—]
COPyp Hourly COP of HP [ - |

Cp Specific heat of water (4180) [J/kg K]

d; Thickness of insulation of STES [m]

dmin Minimum thickness of insulation [m]

dQine Internal energy change in the STES over successive
years [Wh]

dy, ds,dp,  Thickness of insulation of STES (top, side and bottom,
respectively) [m]

Ein.boil Primary energy input to boiler [Wh]

Einel Primary energy input to HP [Wh]

faem (M) Factor for modifying heat demand profile for month
lm' [_]

fsup (M)  Factor for modifying heat supply profile for month
‘m’ [~]

H Height of STES [m]

K, Ks, Kp  Envelope loss coefficient of STES (top, side and
bottom, respectively) [W/m?-K]

m Month of the year [—]
Qamb Heat extracted from ambient air [Wh]
Qboil Heat supplied by boiler [Wh]

Qcut.dis Cut off limit for discharge of STES [Wh]
Qdem Heat demand [Wh]
Qphioss  Heat loss in DH system [Wh]

Quir Heat supplied directly by RE source to meet heat
demand [Wh]

Quis.sto Total heat supplied by heat storage [Wh]

Qe Heat supplied by electricity [Wh]

Que Heat extracted from STES and supplied by HE [Wh]

Qup Total heat supplied by HP [Wh]

QinHp Heat extracted from STES and supplied by heat pump
[Wh]

Qin Heat charged into STES [Wh]

Qinitial Heat content in the STES at the commencement of
simulation [Wh]

Quoss Heat loss from STES [Wh]

Qmaxnp  Designed maximum capacity of heat pump [W]

Qmax Maximum heat stored in STES corresponding to
designed Taxsto [Wh]

Qmin Minimum heat stored in STES corresponding to

designed Tin.sto [Wh]

Qreq.Hp Heat required to be supplied by HP (without any
constraints on capacity) [Wh]

Qsto(rtn.pH) Heat content stored in STES, when temperature in
store is Trnpy [Wh]

Qsto Heat content stored in STES [Wh]

Qsum Heat delivered into DH system [Wh]

Qsup.norm  Normalised hourly heat supplied [Wh]

Qsup.rep (M) Reported value of heat supply (month) [Wh]

Qsup Heat supplied by RE heat source [Wh]

Qs Qs, Qv Heat loss from STES (top, side and bottom,
respectively) [Wh]

Qw Heat wasted [Wh]
R Radius of STES [m]
Sc Surface area of the STES in contact with ground [m?]

St, Ss, Sp Surface area of the STES (top, side and bottom,
respectively) [m?]

Tamb Ambient temperature of air [°C]

Tave.soil Average (yearly) temperature of soil (around the
underground STES) [°C]

Tpu Average (yearly) supply (forward) temperature of DH
system [°C]

Tiim Designed cut off temperature for water source heat
pump [°C]

Tmaxsto  Designed maximum temperature in STES [°C]
Thinsto Designed minimum temperature in STES [°C]

Tout Temperature of water delivered to HE from STES [°C]
Tref Reference temperature [°C]

Trtn.DH Return temperature of DH system [°C]

Tsto Average temperature in STES [°C]

Teop.sto Estimated temperature at top of STES [°C]

Twater Ambient temperature of waste water [°C]

Un H/R (Multiplicative factor) [—]

\Y Volume of STES [m?]

Nboil, €tapoii Thermal efficiency of boiler [%]

Nel, etae;  Efficiency of conversion of PES to electricity [%]

nup, etagp HP efficiency [%]

Ai Thermal conductivity of insulation [W/m K]

Asoil Thermal conductivity of soil [W/m K]

At As, A Thermal conductivity of insulation of STES (top, side
and bottom, respectively) [W/m K]

o Density of water (1000) [kg/m?]

2017 [6,7]. TES also helps in lowering installed heating capacity,
primary energy consumption and CO, emissions by integrating
renewables in the energy mix [8,9]. Energy storage technologies
contribute to decarbonisation of heating and one can choose be-
tween centralised and distributed designs. The stored heat can be
subsequently extracted for use in winter and can be distributed by

DH systems, thereby replacing heat supply from fossil fuel boilers,
ultimately leading to a reduction in CO, emissions. Based on a
financial analysis of a small STES (23,000 m?) in Ireland, it was
concluded that solar thermal with storage made a better business
case than electricity for meeting the heat demand of a single family,
low energy demand house [10]. It was also noted that “some
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smaller-scale systems have become cost competitive or nearly
competitive in remote communities and off-grid applications and
large-scale thermal storage technologies are competitive for
meeting heating and cooling demand in many regions” [11]. Hence,
water based STES are being implemented across Europe and the
major findings from different sites have been summarised in
Ref. [12].

TES can be classified on three different principles: sensible heat
storage, latent heat storage (e.g. using phase change materials) and
thermo-chemical storage (e.g. using chemical reactions to store and
release thermal energy) [8]. Sensible heat storage systems — which
typically use water or soil as a storage medium — are a proven
technology and central solar heating plants with seasonal storage
(CSHPSS) have been in operation since 1990s. Some commonly
used sensible TES are borehole thermal energy storage (BTES),
aquifer thermal energy storage (ATES), water gravel thermal energy
storage (WGTES), pit thermal energy storage (PTES) and tank
thermal energy storage (TTES) [13]. Germany has several TTES and
WGTES, whereas ATES is prevalent in the Netherlands and many
BTES are found in Sweden [ 14—16]. Over the past few years, TES has
been used for DH and cooling in many Nordic countries and
Denmark has several large scale PTES [17].

STES can be used for an individual household or can be scaled up
to meet the heating demand of thousands of households [18].
Large-scale water tanks are installed in approximately 280 DH
systems in Denmark [19]. Sensible heat based storages typical
exhibit between 50 and 90% thermal efficiency and the cost of heat
delivered varies from 0.1 to 10 €/kWh [7]. Although latent TES
systems require a smaller volume, the energy storage cost (€/kWh)
of these systems is still 1.5—4 times higher than hot-water systems
[20]. TTES and PTES have a higher construction cost per unit vol-
ume as compared to ATES and BTES [21]. However, the former are
capable of providing higher charging/discharging power due to
larger operational temperature difference and flowrates [22]. A
heat exchanger (HE) is often used to extract the stored heat from
the STES, but when HPs are used in addition, the heat store can be
discharged to a lower temperature, thereby increasing the recovery
of heat from the STES [23,24]. The costs for large-scale PTES have
been falling and an investment cost of 20—40 €/m> has been
realised in Denmark for very large (>100,000 m?) PTES systems in
the last decade [25]. Large scale DH plants coupled with solar
heating and STES are envisioned to play an important role in the
Danish smart thermal grid for providing 100% RE based heating
systems [26].

As seasonal heat storage becomes a cost effective option for
decarbonising heat supply, modelling and simulation studies for
STES are increasingly being undertaken. Modelling of a large scale
STES in DH system follows a hierarchical process of pre-design,
detailed design, technology integration, evaluation and optimisa-
tion [22]. The process of pre-design is important in order to eval-
uate the feasibility of the STES. A preliminary assessment of
performance is then undertaken based on key performance in-
dicators of the integrated heating system.

Different types of STES have been compared and the existing
design tools for modelling STES have been reviewed in Ref. [27].
Some of the simulation programs which have been used for pre-
designing heating systems with STES are MINSUN, Solarthermie-
2000, and SOLCHIPS [27]. FEFLOW, CONFLOW, and TRNAST are used
exclusively to model ATES; EED (Earth Energy Designer), Geostar,
Duct Ground Heat Storage (DST) model and SBM (Superposition
Borehole Model) are used specifically to model BTES [27]. For other
energy system simulation models which are used for a detailed
assessment of STES, the reader is referred to Ref. [22].

Different models for heat supply which are integrated with solar
collectors, HPs and thermal storage have been developed and

analysed in Refs. [28—30]. TRNSYS (Transient system simulation
tool) has been used to examine the performance of different con-
figurations having a STES [31—36]. Panno et al. assessed the energy
and economic performance of two systems: one using a HP along
with a solar assisted BTES and the other using a conventional gas
boiler for heating a school building in Italy [37]. TRNSYS was used to
model the building heat demand while DST was used to model the
BTES. Ref. [38] uses a TRNSYS simulation model to study the per-
formance of solar DH systems with STES in the UK. TRNSYS was
used to optimise the size of a solar thermal system and the volume
of a STES for a single family house in Greece [39]. Ref. [40] per-
formed a parametric analysis in order to investigate the perfor-
mance of a centralised hybrid solar DH network integrated with a
seasonal BTES using TRNSYS. Ref. [41] reported the results collected
over 19 months of operation from an experimental set up where a
solar assisted ground source HP was used in combination with a
shallow BTES for heating a domestic building. It used TRNSYS to
model solar radiation and a numerical model for heat storage in
BTES. Ref. [42] compared thermochemical and sensible-heat stor-
age in two cities in Slovenia. The analysis was performed using
ANSYS model for microscale applications and TRNSYS for macro-
scale assessment. Ref. [43] optimised the spatial layout and simu-
lated a distributed control framework to store heat in ATES using a
combination of building energy model, groundwater model and an
optimisation tool for the city of Utrecht, Netherlands. TRNSYS has
also been used for pre-designing and has been integrated with
other building simulation tools such as eQuest and HVACSIM + for
undertaking detailed design of the heating system [27]. Ref. [44]
compared the results for a prototype plant having a solar collector,
thermal storage and a HP to provide the heating demand for a
representative building in three cities: Rome, Milan and Cracow
using Matlab software. The EINSTEIN (effective integration of sea-
sonal thermal energy storage systems in existing buildings) tool,
which is also based on TRNSYS simulations, has been applied for
examining the feasibility of STES for buildings [45]. A decision
support tool has also been developed as a web-based application,
which gives detailed results but lacks transparency as it retrieves
the results from a stored library [46]. The solar district heating
(SDH) tool is another online tool for undertaking a preliminary
cost-benefit analysis of STES which is integrated with solar district
heating [47]. This examines different pre-defined configurations for
centralised or distributed solar heating and allows the user to
compare key performance metrics. This tool is also based on
detailed TRNSYS simulations results which have been pre-
calculated in the model.

While a specialised software can be used for undertaking a
detailed simulation, a simple model using energy balances may be
equally useful for undertaking a preliminary assessment, saving
time and computational effort and being potentially more relevant
for pre-design purposes. Following this approach, a simple method
for modelling thermal heat storage and simulation of monthly
energy flows in a STES has been undertaken in Ref. [48]. The model
was validated using TRNSYS and it has been concluded that there
are only small variations between the obtained results from both
approaches [48]. Ref. [49] also used simple energy balance equa-
tions to model the TTES at Friedrichshafen and compared the per-
formance metrics with monitored results. A simple simulation
method was proposed and the results were also compared with the
monitored data for PTES at Dronninglund (Denmark) [50]. Ref. [49]
is a case specific analysis, only assesses the STES and undertakes the
assessment on a monthly basis. Ref. [50] undertakes an hourly
simulation, but models only the PTES (does not model the entire
heating system). Standard key performance indicators such as CO;
emissions, share of RE, and costs have not been modelled in both
these methods and hence cannot be analysed. As highlighted
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above, TRNSYS has been most commonly used for assessment of
STES in combination with other tools. However, energy balance
equations can also be used as an alternative to examine energy
flows in a heating system. To conclude, although there are specific
tools for the assessment of a STES, transparent and easy to use
generic models for analysing the complete heating system are
limited.

This paper presents a simulation method for modelling hourly
energy flows in a DH system with a STES. A simple tool has been
designed using the proposed method and has been implemented
on a spreadsheet. A key contribution of this paper is to model the
DH system at an hourly interval in a transparent and an easy to use
manner without using a proprietary software. Validation of the
method allows us to simulate hourly energy flows in cases where
energy flows are not monitored. The tool can also enable us to
examine energy flows for identifying feasible operational regimes
of different heat sources. The tool is planned to be made publicly
available.

Section 2 discusses the theoretical model, tool and configura-
tions of the heating system which can be assessed using the pro-
posed method. While the complete tool is presented, we only show
the results which are useful for validating the model for selected
configurations in this paper. Section 3 presents the methodology
and the data inputs for the assessment. Section 4 presents the
simulated energy flows and compares them with the reported re-
sults for two of the four configurations in order to validate the
model. Section 5 discusses the results before concluding the paper.

2. Model

A deterministic model is developed which is used to simulate
hourly energy flows in a DH system. Various configurations of the
system with different heating sources and a STES have been
considered. Energy balance equations, a set of predetermined
conditions and constraints are used for simulating energy flows in
the system. The tool has been designed to assess the pre-feasibility
of integrating a hot-water STES in a DH system. The model and
method can also be used to optimise the operation of different
heating sources with the objective of minimising primary energy
consumption, energy cost or CO, emissions. The framework of the
assessment tool is shown in Fig. 1.

2.1. Description of tool

The hourly heat demand for a given set of households is pre-
defined and is fed exogenously into the model. It consists of DHW
and SH demand and is a function of the number of households, heat
demand characteristics such as hot water consumption per
inhabitant and specific SH demand. The latter depends on the
number of heating degree days which is a function of the external
temperature at the considered location for the specific year, as well
as building characteristics and usage. The hourly heat supply is also
provided as an exogenous input to the model. This heat supply can
be from a renewable source such as geothermal heat, from an
incinerator plant operating at its designed capacity, or from an
intermittent source such as a solar thermal plant. Other design
parameters of the STES, heating equipment and DH system are also
set exogenously.

As this is a generic tool, different cases (corresponding to
different number of households) can be evaluated. The configura-
tions are predefined and are explained in section 2.2. The model
calculates the available excess heat based on the expected heat
supply and demand profiles and estimates the STES volume for
storing the surplus heat. The optimal dimensions of the STES (e.g.
radius, height) to store the estimated water volume are calculated
such that the surface area and hence the heat losses are minimised.
Thereafter, heat losses are calculated based on the physical char-
acteristics of the STES and its surroundings. The model simulates
hourly energy flows in the system and calculates the heat content
in the STES from the energy balance. Various parameters such as
final energy input from different sources, annualised capital costs,
operational costs and CO, emissions have been calculated for
different configurations. The primary energy supply (PES), share of
RE in the system and the required peak load on the electricity grid
(from operation of the HP) have also been calculated. The annual-
ised capital costs and the operational cost have been used to
calculate the levelised cost of heat supply. Subsequently, key per-
formance indicators for different configurations can be compared
as basis for deciding whether to deploy the STES in a DH system.

2.2. Configurations

Four pre-defined configurations can be examined using this
tool.

Config 1

Config 2

Demand

e Number

of houses

Config 3

Config4

STES losses

Primary
energy
supply /RE
share

Final
energy
input

Annual
capital/
operation
cost

Heat
content
STES

Levelised
cost of heat

Required
capacity/
peak load

Top temp.
of STES

Co,
emissions

Exogenous
inputs

Pre-defined

cases and configurations output

Intermediate

Hourly
output

Aggregated
output

Fig. 1. Framework of the assessment tool.
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e Configuration 1:
configuration)

e Configuration 2: System with a RE source, a boiler, a thermal
storage, and a HE

e Configuration 3: System with a RE source, a boiler, a thermal
storage, a HE and a HP

o Configuration 4: System with a RE source, a boiler, and a HP (but
no storage)

System with only a boiler (reference

The explanations and the equations for different configurations
are given in the following sub-sections. As most equations have the
same time instant (t), it is only mentioned explicitly when the time
instant are different. It is assumed that the DH system is supplied at
an average (annual) supply temperature of Tpy and annual varia-
tions in Tpy have been neglected.

2.2.1. Configuration 1

Fig. 2 shows the heating system with only a boiler.

The centralised boiler meets the entire Qgem. The boiler has to
supply Qsym where Qsym is the total heat supplied into the DH
system by all energy sources. In this configuration the boiler is the
only source of energy and is represented by Equation (1).

Qboil = Qsum (])

There is heat loss in the DH system (Qpnloss) and the heat
supplied to the DH system is given by Equation (2).

Qsum = (Qdem + QbH.loss) (2)

The PES to the boiler can be calculated using Equation (3).

Einboil = Qboil / Mboil (‘" is shown as ‘eta’ in the figure) (3)

2.2.2. Configuration 2

Fig. 3 shows the heating system with a RE source, a boiler, a
thermal storage, and a HE.

Heat from RE source is supplied directly to meet the heat de-
mand according to Equation (4).

Qdir = MIN [qumv qup] (4)

The model uses the Heaviside step function H (see Fig. 3) to
simulate the decision making according to certain predefined
conditions. These decisions are physically implemented in the hy-
draulic system using appropriate control elements. The Heaviside
step function H is defined in Equation (5):

H(X):dixMAX{xﬁ}for x # 0 (5)
When the heat demand Qsym is smaller than Qsyp the excess

supply of heat is routed to the STES, as shown by Equation (6).

E =
in.boil ’

Q boi /etaboi

Boiler

—> Q sum Qem

Qin = MAX [(Qsup - Qsum),0] - [1-H (X’ -x)], where X’ = Trax.sto and
X = Tsto (6)

The Heaviside step function H ensures that Qjj, is delivered to the
STES when Tsto < Tmax.sto and Qin = 0 when Tsto > Traxsto

The limits of water temperature in the STES are shown by
Equation (7).

Tmax.sto > Tsto > Tmin.sto (7)

The maximum and minimum heat storage capacity of the STES
is given by Equation (8).

Qmax=V-p-Cp- (Tmax.sto = Tref); Qmin=V - p Cp - (Tmin.sto - Tref)(8)

If Ty reaches Tmax sto, the energy flow into the STES is cut off and
excess heat Qy, is released to ambient. This is represented by
Equation (9).

w = MAX [(qup - Qsum).0] - [H(X’ -x)], where X’ = Tmaxsto and
X = Tsto (9)

When heat demand cannot be satisfied by Qgj, heat is dis-
charged from the STES via the HE. This exchange is possible only if
Ttop.sto is higher than Toy (or Tpy according to DH system design).
The amount of heat supplied from the STES is given by Qug as
shown in Equation (10).

Que = MIN ([Qsto - Qminl, [Qsum - Qair]) - [H(X’ -X)], where X’ = Tout
and X = Ttop-sto (10)

Qsum is supplied into the DH system (given by Equation (2)) and
the boiler supplies the balance heat for meeting the demand,
shown by Equation (11).

Qboil = Qsum - Qqir - QHE (11)

The PES to the boiler can be calculated using Equation (3).

Qioss in the STES are calculated for each hour. The detailed
method for calculations of losses for different types of STES is
shown in the Appendix. Qsto(t) is initialised at t = 0 as Qjpjtjia; and
Qsto(t+1) (in the next hour) can be calculated using Equation (12).

Qsto(t+1) = Qsto(t) - QHE() + Qin(t) - Qioss(t) (12)

The average temperature in the STES can be calculated as shown
in Equation (13).

Tsto(t+1) = Qsto(t+1) [ (V-p -Cp) + Tref (13)

The temperature at the top of the STES can be calculated from
the relationship between Top.sto and Qsto based on the stratification
profile in the STES (See section 3.4).

DH

DHJoss

Fig. 2. System with only a boiler (reference configuration).
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Fig. 3. System with a RE source, a boiler, a thermal storage, and a HE.

2.2.3. Configuration 3

Fig. 4 shows the heating system in configuration 3.

The priority of heat supply is defined in the following order:
heat directly from RE source, HE, HP, followed by the boiler. Similar
to configuration 2, the STES is discharged through a HE and Qgjy, Qin,

Quw, QuE, Tsto and Ejp poil are calculated using the same equations as
used for configuration 2.

However, when the STES cannot be discharged through the HE
(as Teop-sto < Tout), it is used as a heat source for the HP. The required
unmet heat demand which could be supplied by the HP is
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Fig. 4. System with a RE source, a boiler, a thermal storage, a HE and a HP.
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calculated using Equation (14).

Qreq.Hp = MIN ([Qsto - Qminl, [Qsum — Qair — Que]) « [1-H(X' -x)],

where X’ = Toye and X = Tigp.sto (14)

In order to lower the capital cost of the HP and to ensure that
it is not oversized, the HP is sized to cover a percentage of the
total annual load. Hence the HP provides the majority of the heat
demand during the year while the boiler provides the peak load.
The selection of the installed capacity of the HP is a design factor
and the chosen value for this paper is 25% as shown in Equation
(15).

Qmaxzp = 0.25 - MAX (Qqeq.np), Where MAX represents the
maximum value over the year (15)

The heat supplied by the HP is shown in Equation (16).

Qup = MIN (Qreq.Hp. Qmax.HP) (16)

The coefficient of performance (COP) of the HP, is given by
Equation (17) and nyp is assumed as 50%

COPyp = Mup - COPcarnot (17)

Where the Carnot efficiency (maximal theoretical value) of the HP
is given by Equation (18).

COPcarnot = [TpH+273] / [TpH —Ttop.stol (18)
Heat extracted from the STES is shown by Equation (19).

Qinnp = Qup - (1-1/COPyp) - [1-H (X’ -X)], where X’ = Toyt and
X = Ttop-sto (19)

The electrical energy consumed by the HP is calculated using
Equation (20).

Qel = (Qup / COP) - [1-H (X’ -x)], where X’ = Toue and X = Tiop.sto(20)

The boiler supplies the balance heat which is calculated using
Equation (21).

Qboil = Qsum - Qair - QHE - Qup (2])

Similar to configuration 2, the heat content in the STES can be
calculated using Equation (22).

Qsto (t+1) = Qsto (1) — Que(t) — Qinnp(t) + Qin(t) — Quoss(t)  (22)

Equation (23) is used to calculate the PES from electricity ac-
counting for the efficiency of conversion of primary energy to
electricity.

Einel = Qel/Mel (23)

2.2.4. Configuration 4

Fig. 5 shows the heating system in configuration 4 which has a
RE source, a boiler and a HP (but no storage).

Similar to configuration 2 and 3, heat from RE source is supplied
directly to meet the heat demand according to Equation (4).
However, as there is no storage, whenever heat demand is less than
heat supply, Q is wasted. This is shown by Equation (24).

Qw = MAX [(qup - qum)v 0] (24)

This heat supply from the RE source is optional as the main
source of heat is the HP in this configuration. Ambient heat can be
extracted by an electrically operated water—water HP and a waste
water treatment plant (temperature 10—20 °C, depending on the
season) is chosen as the source of ambient heat.

The heat required to be supplied by the HP can be calculated
using Equation (25)

Qreq.Hp = MIN ([Qsum — Quir], 0) - [H(X* -X)], where X’ = Tjjm and
X = Twater (25)

Similar to configuration 3, there is a constraint on the capacity of
the HP (Qmax.up) and Equation (15) and Equation (16) are valid. The
heat extracted from water from waste treatment plant is shown by
Equation (26).

Qamb = Qup - (1-1 / COPyp) - [H(X’ -x)], where X’ = Tjjy and
X = Twater (26)

Equation (27) gives the maximum theoretical efficiency of the
HP

COPcarnot = [Tpn+273] | [TpH — Twater] (27)

Similar to configuration 3, the electrical energy consumed by
the HP can be calculated using Equation (20) while Equation (17)
gives the actual COP of the HP.

Qe1 = (Qup / COPyp) - [1-H (X" -x)], where X" = Tour and X = Twater(28)

The boiler supplies the balance heat which is calculated using
Equation (29).

Qboil = Qsum - Qqir - Qup (29)

Similar to earlier configurations, Equation (3) and Equation (23)
are used to calculate the PES from different sources.

3. Methodology

In order to check the validity of the proposed model, the results
of the simulation were compared with the reported data for two
configurations. The paper selects two real DH systems fitted with
solar collectors and a STES for undertaking this comparison: a
system with a HE at Friedrichshafen (similar to configuration 2) and
a system with a HE and a HP at Marstal (similar to configuration 3).
The results are compared for Friedrichshafen in 2002 and for
Marstal in 2015 as detailed monitored values are available for these
years. Only limited results of the model are reported in this paper.

3.1. DH system description

A solar assisted DH system with a STES was built in Friedrich-
shafen, Germany in 1996. In the first phase, 2700 m? of solar flat
plate collectors were mounted on buildings. 23,000 m? of floor
space was heated (280 apartments in multifamily houses and one
kindergarten) and the heating system was equipped with two gas
boilers (750 kW and 900 kW). An underground cylindrical tank
(reinforced concrete) of 12,000 m> was integrated with the system
[51]. The STES was equipped with a HE and the hot water extracted
from the tank was used to raise the temperature of water to 70 °C to
supply it to the DH system for SH. The DHW demand was met by
further heating this water at heating substations in the building
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Fig. 5. System with a RE source, a boiler and a HP (but no storage).

[52]. Published reports on heat storage in Germany have been used
to provide the input parameters for this study [51—56].

The Marstal DH system is much larger and has a distribution
network of about 20 km [57]. It annually supplies around 23 GWh
of heat to 1600 consumers with a heated floor area of around
300,000 m? [58]. A total of 33,300 m? of ground mounted solar
collectors provide RE to the system along with an 8.3 MW bio fuel
based oil boiler, a 1.5 MW, HP, and a 4 MW, wood chip (biomass)
boiler which runs an electricity producing 750 kW, organic
Rankine cycle (ORC) unit. As a part of the Sunstore 4 project, a PTES
of 75,000 m?® having a truncated pyramid shape was integrated in
the system in 2011—-2012 [59]. Energy flows over different years
was monitored [60,61] and details about the design and construc-
tion of the PTES have been derived from existing literature [62—65].

3.2. Exogenous inputs

The known parameters for Friedrichshafen and Marstal system
(see Table 1) are provided exogenously as inputs.

The reported values of thermal conductivity of the thermal
insulation and soil and the dimensions of the tank are used to
calculate the hourly heat losses for Friedrichshafen. The PTES at
Marstal did not have any thermal insulation on the side and bottom
and it was only covered with a thin liner to make it watertight [66].
The top cover has three layers of foam insulation (Nomalen 28N)
with a total thickness of 240 mm [64]. However, as the values of the
effective conductivity of soil and the insulation and the effective
thickness of the insulation at the side and bottom of the PTES were
not available for Marstal, these values have been assumed based on
the observed heat losses for 2014.

The heat content at the beginning of 2002 for Friedrichshafen
and 2015 for Marstal is set as Qjpjtia] before the commencement of
the simulation [60,61]. Thereafter, the model is run in steps of 1 h
from time t = O for the two selected cases.

3.3. Supply and demand profiles

The heat supply and demand profiles are provided exogenously
as inputs. It is important to know hourly values of Qsyp and Qgem
(profiles), but they may not be monitored or, may be reported on
monthly/yearly basis. The hourly heat demand profile could also be
simulated. The demand for hot water can be generated from a
known profile of per capita hot water consumption, and number of
inhabitants. Hourly heat demand can be calculated using the spe-
cific heat demand, heated surface area, external temperature and
the required temperature inside the apartment. For design pur-
poses, hourly external temperatures of a standard reference year
can be taken depending on the climatic zone (e.g. SIA Standard 381/
3) [67] and the hourly temperatures in any given year can be ex-
pected to be close to the standard year. Similarly, heat supply would
be a function of solar irradiation at the considered location,
orientation, solar collector area, and its efficiency. An hourly solar
supply profile can also be chosen which is representative of heat
supply from the installed solar collectors at a given location.

For the assessment undertaken in this paper, hourly heat supply
and demand data is not available for the location and the specific
year (Friedrichshafen, 2002 & Marstal, 2015). In order to overcome
this data limitation, hourly heat supply and heat demand is recre-
ated using normalised hourly solar thermal supply and heat de-
mand profiles (normalised by maximum hourly values) for a
generic city in Denmark (Fig. 6). These have been taken from the
library of hourly heat supply and demand profiles provided by
Energy PLAN [68]. This can be considered as representative of heat
demand at locations having similar climate as Denmark. In the
same way, heat supply profile from a representative city in
Denmark also reflects the solar insolation in similar meteorological
conditions. As these are normalised profiles, they can be scaled to
recreate the heat demand profile for the specified number of
households and heat supply profile for the assessed case.
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Table 1
Input parameters for the simulation.

Friedrichshafen References Marstal References
Similar to configuration 2 - 3 -
Tout [°C] 55.4 [49] 74 [59]
Tmaxsto [°C] 95 [53] 90 [65]
Tref [°C] 11 [54] 10 [60]
Tsoil [°C] (just outside tank) 30 [49] 30 [61]
Ao As A [W/m K ] 0.6,0.06,0.6 [55] 0.125, 2,2 Assumed based on [51]
dy, de,dp [m] 03,0.2,03 [56] 0.24,0.5,0.5 [64]
Asoil W/mK | 3 [55] 2 Assumed based on [60]
Qinitial [MWHh] 468 [54] 4000 [61]
Qcutdis [%] (as a % of Qinitial) 110 Assumed for simulation 85 Assumed for simulation
COPpax NA - 3.28° [60]
QbHiloss [%] 18.5" [54] 3 Assumed
Qmaxnp [MW] NA — 0.7 Assumed for simulation
fsup Monthly (Table 2) Calculated Monthly (Table 2) Calculated
faem Monthly (Table 2) Calculated Monthly (Table 2) Calculated
Shape of tank Cylindrical [54] Trapezoid [63]
Dimensions of tank [m] Radius:16 [54] Top: 113 x 88 [63]

Bottom: 50 x 25

Height of tank [m] 20 [54] 16 [63]

2 Seasonal COP reported over the year was 3.28.

b 2423 MWh of heat was delivered to the DH system (incl. second phase of extension). However, the reported heat consumption was 1976 MWh (excl. second phase of
extension). To account for this difference, it was assumed that 447 MWH (18.5% of heat delivered in the network) was lost.
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Fig. 6. Normalised hourly heat demand and solar thermal supply profiles.

In order to provide an input to the model, which matches as
closely as possible, multiplicative factor, fs,p (m) is calculated for
every month as shown in Equation (30), where the denominator
refers to the normalised hourly supply summed over the specific
month.

720

foup (M) = Quuprep (m)/t;(qsupmm) (30)

fgem (m) are also calculated similarly. The hourly normalised
supply and demand profiles are then multiplied by the respective
monthly factors to obtain the hourly profiles for the month. In the
case of Marstal, both the monthly energy supply and demand are
reported. However, in the case of Friedrichshafen, monthly de-
mand is not reported. The monthly demand was therefore recre-
ated using the limited data available. The calculated factors are
shown in Table 2.

It is acknowledged that although the hourly heat supply and
demand of the considered and the actual profile do not match (due
to non-availability of meteorological data), but the quantity of
monthly (and annual) supply and demand would be same, as they
have been equated for calculating the supply and demand factors.

Table 2
Monthly factors for heat demand and heat supply.

Month Friedrichshafen (2002) Marstal (2015)
fdem (m) fsup (m) fz:lem (m) fsup (m)

January 0.7 1.7 9.5 19.0
February 0.7 0.6 8.9 133
March 0.7 22 9.2 322
April 0.6 1.5 8.8 24.4
May 0.2 1.6 7.7 179
June 0.4 1.5 12.3 14.9
July 0.5 14 9.6 18.1
August 0.5 12 9.0 17.8
September 0.8 14 74 20.6
October 0.5 13 8.8 153
November 0.6 1.1 8.3 115
December 0.8 03 8.8 44
Annual average 0.6 14 8.9 18.7

3.4. Stratification in STES

Stratification is known to improve the performance of water
based TES systems and hence large STES are typically designed as
stratified tanks. Various methods for modelling and assessing the
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Fig. 7. Stratification model for STES at Friedrichshafen and Marstal.

performance of stratified TES systems have been reviewed in
Ref. [69]. Computational fluid dynamics has been used to model
stratification in a hot water tank [70] and for PTES at Marstal [71].
As this tool intends to provide a simple simulation method, it uses
an expected stratification profile to estimate Topsto from Qsto. This
approximation is considered sufficient as Trop.sto is recreated only to
identify the condition for operation of the HE and the HP (e.g. if
Ttop.sto > Tour)- The expected stratification profiles in STES with a HE
(Friedrichshafen) and in STES with HE and a HP (Marstal) (shown in
Fig. 7) are used.

The minimum temperature at the top of the STES in the case of
Friedrichshafen is the return temperature of the DH network but
the STES at Marstal can be discharged to a minimum temperature of
10 °C using the HP. The temperature at the top of the STES is the
maximum design temperature in the STES and it is assumed that
this is reached when the heat content in the STES reaches a certain
percentage of the maximum heat storage capacity of the STES.
Different percentages are chosen for Friedrichshafen (70%) and
Marstal (78%) as the latter STES has a much larger capacity and this
is in agreement with the observed temperature profiles reported in
literature for the two STES [54,61]. A linear stratification profile is
used between these two limits. Equation (31) and Equation (32) is
used to estimate Tipsio from Qs for Friedrichshafen and for
Marstal respectively.

If Qsto < Qsto(rtn.DH)» Ttop.sto = Trtn.DH;
If Qsto > (0.7 - Qmax), Ttop.sto = Tmax.stos

If (0.7 - Qmax) > Qsto > Qsto(rtn.DH)» Ttop.sto — Trtn.pH + slope - (Qsto -
%to(rm.DH)),

where slope = (Tmax‘sm - Trtn.DH) / (0-7 - Qmax - Qsto(rtn.DH)) (31)
If Qsto > (0.78 - Qumax), Ttop.sto = Tmax.stos
If (0.78 - Qmax) > Qsto > Qmins Ttop.sto = Tmin + Slope - (Qsto = Qmin)»

where slope = (Tmax.sto - Tmin.sto) / (0.78 + Qmax - Qmin) (32)

3.5. Additional constraints

Certain additional constraints were introduced and these are
explained in this section. In order to restrict the discharge of STES, a
constraint is introduced in configuration 2 and 3. Qyt.djs represents

during the discharging cycle. Qcytqis is pre-defined as a given per-
centage of Qinjtia and a 100% value implies that heat discharge is cut
off when the heat content in the STES reaches the same value as
during the start of the simulation. This ensures that the STES is not
over discharged at the end of the year.

It was observed from reported results at Marstal that heat
discharge from the STES during the month is controlled. This de-
pends on the availability of heat in the STES and the strategy of
operation of the HE/HP. However, in this model, HE and HP are
automatically operated at full load if certain conditions are fulfilled.
As the duration of operation of the HP is not known, an artificial
capacity constraint is introduced in the simulation by limiting the
value of Qmax yp. The replacement of full load operation of the HP at
specific hours by continuous operation of a lower capacity HP is
essential to ensure that a limited quantity of heat is discharged
from the STES every hour, thereby limiting the heat extracted in the
month.

A constraint on the COP of the HP (calculated in Equation (17))
was introduced as COPpax. This is essential as the maximum
achievable COP of the HP is limited by the technical specifications of
the HP and the selected value is mentioned in Table 1. If the tem-
perature lift for the HP is lower than 5 °C [Tiop.sto < (Tp - 5)], the HP
cannot be operated (due to lack of suitable refrigerant and poor HP
efficiency).

a cut-off limit for heat discharge from the STES (Qsto < Qcutdis)

4. Simulation results and model validation

Although the complete model has been explained, only limited
simulation results which are useful for validating the model, have
been presented. The result of the simulation for two selected heat
storages Friedrichshafen (configuration 2) and Marstal (configura-
tion 3) are compared with the results reported in literature to
validate the proposed method. Energy flows in configuration 1 and
4 have also been simulated (using the same parameters as for
Friedrichshafen) and compared.

4.1. Friedrichshafen

The simulated hourly results for heat supply and heat content in
TTES at Friedrichshafen is shown in Fig. 8.

Direct heat supply meets the heat demand when the sun is
shining. At other times, the heat demand is met by discharging the
STES through the HE, but the boiler provides the majority of heat.
The reported and the simulated annual energy flows for 2002 in the
Friedrichshafen system are shown in Table 3 along with the dif-
ference between them. The difference between the reported and
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Fig. 8. Simulated hourly results for STES at Friedrichshafen.

Table 3
Reported and simulated annual energy flows for Friedrichshafen system.

Annual values Reported 2002 [49,54] (A)

Simulated from model (B)

Difference as a % of heat store capacity (A-B)/Qsto.max

Qsup (MWh) 989 989
Qgem (MWh) 1976 1974
Qsum (MWh) 2423 2340
Qin (MWh) 823 682
Qqir (MWh) 166 307
Que (MWh) 485 393
Qboit (MWh) 1773 1640
Qioss (MWh) 333 295
dQine (MWh) 4 -6
Solar fraction (%) 27 30

Matched
Matched

7%

12%

—12%

8%

11%

3%

Less than 1%
Less than 1%

the simulated values are shown as a % of the heat storage capacity
(Qsto.max) of the TTES at Friedrichshafen (normalised by the size of
STES).

The solar fraction is calculated using Equation (33).
Solar fraction = (Qgir + QuE) / Qsum (33)

fsup and fyem factors have been selected such that the simulated
Qsup and Qgem match with the reported values. The differences in
the hourly values of heat supply and demand lead to differences
between the annual reported and simulated values of Qjip, Qqir, and
Que. Based on the hourly heat demand, the model simulates that an
additional 141 MWh of solar heat is provided directly to meet the
demand. Hence, this heat is not routed to the STES thereby showing
a corresponding decrease in Qj, (reasons discussed in detail later).
The observed losses varied between 322 and 360 MWh between
1996 and 2002 [54] and the simulated value of Qjoss Was 295 MWh.

There are internal energy changes in the STES (dQjn). A negative
sign implies that a higher amount of energy is extracted during the
year (than what was supplied). Normally a STES is operated such
that dQjn is zero but STES can extract larger or smaller quantity of
heat over the year resulting in a decrease or increase in heat con-
tent of the store respectively, over one cycle of utilisation.

The simulated monthly charging and discharging and the
change in energy content of STES at Friedrichshafen is shown in

Fig. 9 and this profile closely resembles the reported energy flows
shown in Fig. 10 [54].

4.2. Marstal

The simulated hourly results for heat supply and heat content in
PTES at Marstal for 2015 is shown in Fig. 11.

There are four sources of heat: direct heat from solar thermal,
supplied from PTES through HE, supplied from PTES through HP
and boiler. The PTES is operated as a long term storage and com-
pletes one cycle of charging and discharging during the year. The
storage efficiency is the amount of energy delivered by the STES
divided by the total energy supplied to the STES and can be
calculated as shown in Equation (34).
STES efficiency = (Que + Qup + dQint) / Qin (34)

Annual energy flows were reported in Refs. [60,61] for Marstal
and these are compared with the simulation results in Table 4. This
difference is normalised by the size of STES and is reported as a % of
heat store capacity.

The reported and simulated results are in good agreement (
+10%). The hourly energy flows from the simulation were aggre-
gated to generate monthly heat supply from different sources and
these are shown in Fig. 12. These can be compared to the reported
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heat supply for 2015 in Fig. 13 [61]. The total energy extracted from
the PTES is reported and it is represented as Qgjs sto (Sum of Qg and

Qin.up). Qnoil refers to the total heat supplied by the two boilers at
Marstal.

4.3. Comparison of energy flows in different configurations

The simulated hourly energy flows in configuration 1 and 4 are
shown in Fig. 14. The heat demand and supply profiles are kept the
same as in the case of configuration 2 at Friedrichshafen.

The annual values for configuration 2 (same as column B in
Table 3) are compared with configuration 1 and 4 in Table 5.
Although configuration 1 and 4 cannot be validated as these are

hypothetical systems, the comparison presents the difference be-
tween energy flows in different configurations.

5. Discussion

A summary of the activities undertaken in this study is shown in
Table 6.

The reported losses in TTES in Friedrichshafen (333 MWh) were
very high compared to the designed loss of 220 MWh [49].
Improper design of the insulation (top and bottom of the tank was
not thermally insulated), wet insulation and smaller discharge of
heat from the TTES were identified as the main reasons for high
losses [31,54].
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Table 4
Reported and simulated annual energy flows for Marstal.

Annual values Reported 2015 [60,61] (A)

Simulated from model (B)

Difference as a % of heat store capacity (A-B)/Qsto.max

Qsup (MWh) 12990 12990
Qdem (MWh) 27819 27819
Qin (MWh) 7812 8361
Quair (MWh) 5178 4737
Que (MWh) 4230 4313
Qup (MWh) 1528 1672
Qel (MWh) 671 733
Qboil (MWh) 16535 17199
Qioss (MWh) 2946 2869
dQint (MWh) —567 —491
Solar heat delivered (MWh) 10935 10722
Solar fraction (%) 39 39
Storage efficiency (%) 66.4 65.7
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Fig. 12. Simulated monthly heat supply at Marstal.

It is observed that there are some variations in direct use of solar
heat, charging, discharging and average heat content of the TTES for
each month (compare Figs. 9 and 10). This is due to the difference in
hourly heat supply and demand profiles used for the simulation
and the actual profiles in 2002 at Friedrichshafen. The hourly heat
supply Qsyp is a function of solar irradiation at Friedrichshafen in
2002 and this is different from the generic heat supply profile used
for this simulation. The generic hourly Qgem used for the simulation
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Fig. 13. Reported monthly heat supply at Marstal (2015) [data source: 61].

is also recreated (as it is not available) from the limited available
data and is therefore different from the actual hourly heat demand.
Hence, even though the monthly values have been matched by
selection of monthly fsup and fgem factors, there is a difference be-
tween hourly values. This leads to difference in hourly Qgjr and Qjp
which adds up to monthly and yearly differences. The differences in
Qin leads to lower charging of the TTES in the simulation and these
daily variations contribute to the differences in Qs and
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Fig. 14. Simulated energy flows in configuration 1 and 4.

Table 5
Comparison of simulated annual energy flows in different configurations.
Annual simulated values Config. 2 Config. 1 Config. 4 Comments
Qsup (MWh) 989 989 989 Same supply profile
Qdem (MWh) 1974 1974 1974 Same demand profile
Qsum (MWh) 2340 2340 2340 Same heat delivered to DH system
Qin (MWh) 682 NA NA No STES in config. 1&4
Qgir (MWh) 307 307 307 Same heat supplied directly from solar
Que (MWh) 393 NA NA No HE (with STES) in config. 1&4
Qboil (MWHh) 1640 2033 345 Heat supplied by HE & boiler in config. 2 is supplied by boiler alone in config.1
Qioss (MWh) 295 NA NA No STES, so no loss in config. 1&4
dQine (MWh) -6 NA NA No STES, so no change in config. 1&4
Solar fraction (%) 30 13.1 13.1 Heat supplied by solar is stored in config. 2 for supply at a later time
Quw (MWh) 0 682 682 Solar heat supplied is wasted in config. 1&4 but heat is stored in config. 2%
Qe (MWh) NA NA 495 Heat is supplied by electricity in config. 4
Qamb (MWh) NA NA 1193 Ambient heat is supplied by HP in config. 4

2 This can however be considered as a hypothetical loss as the solar collectors will be sized such that there is minimum heat wastage.

Table 6
Activities and its components undertaken in this study.

Activities Components Location in paper
Overview Framework of tool Section 2.1
Modelling Four configurations Section 2.2
Code/algorithm/equations Section 2.2
Stratification in STES Section 3.4
Additional constraints Section 3.5
Data inputs for this simulation Parameters Section 3.2
Heat supply/demand profile Section 3.3
Assumptions Table 2
Model validation Friedrichshafen, 2002 (Configuration 2) Section 4.1
Marstal, 2015 (Configuration 3) Section 4.2
Only simulation (Configuration 1, 4) Section 4.3

subsequently to the estimation of T¢op sto. As the HE operates only if
Teop.sto is greater than Toy, Que and consequently Qpoj are different
for reported and simulated cases. This monthly mismatch is how-
ever not particularly concerning as the simulation uses a generic
supply profile. In practice, the hourly heat supply and demand
profiles in different years are expected to be different from the
designed values and while small variations in hourly profiles may
lead to monthly differences, they are unlikely to impact average
usage of the STES.

In order to observe the impact of using different demand pro-
files on the results of the simulations, a sensitivity analysis was
undertaken using the case of Friedrichshafen. All parameters were
kept unchanged but a different demand profile was used for the
simulation. A new demand profile (Qgem) Was created where the

heat demand was kept constant over the entire month. Demand
factors were then calculated for different months using the re-
ported energy demand for the month using the procedure
mentioned earlier. The percentage difference (median) between
the hourly heat demand using the old and the new profiles was
observed to be 21%. The simulation was then run using the new
demand profile and the results were recorded. It was observed that
the variation between the reported and simulated values of Qj, and
Qqir increased from 12% (shown in Table 3) to 20%. This clearly
demonstrates that a variation (between actual and used profiles) of
hourly heat demand impacts the simulation of energy flows in the
model. A similar result was observed by changing the supply pro-
file. Hence, it can be concluded that the difference in the reported
and simulated results are partly due to the unknown heat demand
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and supply profiles.

The maximum temperature at which water could be stored in
the tank was 95 °C and hence the heat storage capacity of the tank
in Friedrichshafen was 1176 MWh corresponding to a maximum
temperature difference of 84 K (Trer = 11 °C). The system was
designed so that the minimum temperature to which the TTES
could be discharged would be 40 °C (limited by the Ty py). Hence,
406 MWh of heat input (corresponding to heat stored in 29 K
water) could not be extracted by design (36.5% of heat storage ca-
pacity) as the system did not have a HP. This is also referred to as the
unusable heat content of the store [54].

The STES in Friedrichshafen was designed to provide about
770 MWh of heat corresponding to a temperature difference of
55 K. However, it was also reported that the average Ty py over the
year was 51.5 °C and Ty was 55.4 °C. As the return temperature of
the DH could not be lowered further due to operational issues at the
building level, a further 215 MWh of heat (corresponding to heat
stored in 15.4 K of water) could not be extracted from the TTES.
Hence a total of 622 MWh heat was ‘locked’ in the TTES. On the
other hand, this unusable heat contributed to heat losses
throughout the year. Therefore, absence of a HP and high Ty py
were main barriers to the effective utilisation of the TTES at
Friedrichshafen.

In the case of Marstal also, the difference between the annual
reported and simulated values of Qi and Qgj; is attributed to dif-
ferences between actual heat supply and demand profiles and
those used for simulation. This explains the observed differences
for Qgir, in Figs. 12 and 13. As Qgjr is lower in the simulation results, a
higher amount of heat is extracted from the STES by the HE in the
summer months. Further, the PTES is discharged to a higher level,
which explains the higher difference in the internal energy change.

Secondly, comparison of Figs. 12 and 13 for Marstal reveals that
according to the simulation, a large share of the heat could be
supplied from the STES in October. This is because extraction of
heat from the PTES, (using a HE/HP) is prioritised over the use of
boiler in the model. In contrast, reported data shows that the boiler
is used to supply a larger share of heat in October. This higher
preference for the boiler can be attributed to the operational
strategy of the system operators. A possible reason is that boilers
may be preffered for heat generation when electricity prices are
high, as the biomass boiler at Marstal is connected to an electricity
generating ORC unit. In the subsequent months from November to
February, the model simulates that a lower amount of heat is dis-
charged from the PTES as it has already discharged most of its heat
in October. In contrast, it is observed from the reported results that
heat from the PTES is discharged slowly over many winter months.
It can thus be inferred that the HP is used selectively to discharge
the PTES. The heat supplied by the HP in Fig. 11 does not recreate
the actual heat supplied by the HP in the system as it has been
artificially constrained by limiting the capacity of the HP to 0.7 MW
in the simulation run. In actual practice, the HP is operated to its
designed capacity of 1.5 MWy, but only during selected hours as
decided by the system operators. To conclude, the simulated results
cannot recreate the monthly heat supplied from the HP unless the
time of operation of the HP is known. However, the model can be
used to evaluate the maximum amount of heat which can be
extracted from the PTES using the HP over the year. Another
advantage of this hourly model is that it could be used to design
strategies for the utilisation of the HP with the objective of mini-
mising the cost of electricity for the HP or CO, emissions. This
would however require additional data, e.g. on the electricity tariff
and hourly CO, emission factors.

Thirdly, the maximum energy content which can be stored in

the PTES at Marstal is around 7000 MWh for a designed maximum
(90 °C) and minimum temperature (10 °C). However, it is observed
that the PTES is neither charged nor discharged fully. Hence, there
is a possibility of better utilisation of the thermal storage capacity
which could further lower the use of boilers.

Lastly, Tpy was reported to be between 72 and 74 °C for Marstal.
Lowering of Tpy would lead to higher utilisation of the HE and heat
stored in the PTES could be discharged without using the HP, which
would eventually save electricity. Consequently, lowering of Tpy is
an important measure for effective utilisation of the PTES. However,
it calls for significant lowering of specific heat demand by retro-
fitting of buildings as well as delinking supply of DHW through the
DH network.

6. Conclusion

The paper presented a simulation method for modelling hourly
energy flows in DH systems with STES. In order to validate the
method, the results of the simulation of energy flows for two
selected cases, Friedrichshafen and Marstal, were compared with
values reported in literature. Based on this comparison, the paper
concludes that while monthly replication of energy flows in the
system depends on the accuracy of inputs, annual energy flows can
be closely replicated. The simulated values are in good agreement
of the reported values and hence the method can be regarded as
validated. Further, if the correct supply and demand profiles, pa-
rameters and the operational strategies are provided as inputs to
the model, energy flows in the system can be simulated close to the
actual values.

The proposed model and the simulation method is simple and
reproducible. The tool provides an easy alternative for undertaking
a preliminary assessment of the DH system without using a spe-
cialised software. While it cannot replace the detailed results
offered by complex simulation softwares, this tool can be easily
used to simulate hourly energy flows in a DH system thereby giving
insights into the operation of the heating system. Unlike models
which undertake a monthly or annual assessment, this hourly en-
ergy flow model can be utilized to optimise the operation of
different energy sources in a multi energy heating system for
minimising emissions or total cost of heating and is hence an
important contribution to the existing modelling tools. The tool has
various other functionalities which have not been presented in
detail as the paper intends to present the modelling and related
methodological aspects. For example, the tool can be used to esti-
mate the size of the heat storage which would be required for a
given heat supply and heat demand profile, hence allowing to
assess the capital cost and the feasibility of different configurations.
The full exploitation of the tool will be addressed in a subsequent
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Appendix
Calculation of heat loss from STES

Heat losses can be calculated for different types of STES from the
physical dimensions of the heat store and other characteristics.
These detailed equations for calculating heat loss in a STES are

given ahead [72]. Refer to the nomenclature for details. The specific
values used are shown in Table 1.

Cylindrical TTES placed over the ground (Fig. 15)

Tamb

Asoil

Fig. 15. Dimensions of cylindrical TTES placed over the ground.

Losses from top: Qr = (Tsto — Tamp)- K¢St (35)
Losses from side: Qs = (Tsto — Tymp)- Ks.Ss (36)
Losses from bottom:Qp, = (Tsto — Tgmp)- Kp-Sp (37)
At
I(t - Et 3
s
KS - d—s )
d, 4R )—1 . X
Ky=|—4+5—5— ifd, > 0.2 .R- 38
b (Ab 3.7 Asoil b Asoil (38)

Tamb

Qb

Asoil

Fig. 16. Dimensions of cylindrical TTES placed underground.
Cylindrical TTES placed underground (Fig. 16)

Losses from top: Same as Equation (35) and K; is given by
Equation (38).

Losses from side and bottom:

Qs+ Qy = (Tsto — Tsoir) Ksp-Sc (39)
Where
. -1

Ky = i Un-RY e di > 2. dmin (40)

A Asoit
Unp = 0.52 when HR =1 (41)
dmin = Y (0.37) when H/R =1 (42)

Asm’l
Se=(m RR + 27 RH) (43)
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Fig. 17. Dimensions of truncated cone and truncated trapezoid PTES.
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Truncated trapezoid

Fig. 18. Dimensions and shape of truncated cone and trapezoid.

Truncated cone and truncated trapezoid PTES (Figs. 17 and 18)
Losses from top: Same as Equation (35) and K; is given by

Equation (38).

Losses from side: Qs = (Tsto — Typi1)- Ks-Ss

Where
1 a+b.H
I<S = H' ln (T)
d m.H
b= and a = (—5 + —)
Asoil AS 2. Asoil

Losses from bottom: Qp, = (Tsto — Tspit)- Kp-Sp

Where
1 c+bB
Ko =555 ( c )
T d w.H
b= and c= (—b + )
;{soil AIJ 2. Asoil
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