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The residential sector is responsible for 26% of final energy consumption in the European Union. A key strategy
to reduce household fossil fuel use is solar district heating with seasonal thermal energy storage. Although this
technology has been widely applied in Northern Europe (Sweden, Denmark, and Germany), it has not been
implemented in Italy. This research presents a new numerical tool, and applies it to the REPLICATE project in the
Italian city of Florence, which is financed under the Horizon 2020 Smart Cities and Communities initiative. Our
novel tool, which is based on a dynamic model coupled with the finite element method, has been developed to
guide the design of the district heating plant and obtain a reliable estimation of performance, notably storage
heat losses. The overall aim is to reduce the prediction inaccuracies that have characterized past projects. The
final dynamic model is implemented in TRNSYS, and makes it possible to select the main plant parameters and
define control strategies. It is linked to a detailed heat transfer model developed in COMSOL Multiphysics®,
which can calculate storage heat losses and determine the optimal thickness of insulation material. Our in-depth
parametric study determined the optimal volume of the hot water tank to be 3800 m®, and the size of the solar
field to be 1000 m2 We also evaluated the effectiveness of the addition of a water-water heat pump. This
analysis found that it is a crucial component as it can increase storage capacity and improve the performance of
solar collectors by up to 124 MWh. Our results indicate that with an optimized configuration, the solar fraction of
the system can reach up to 44%.

through the use of highly-efficient heat pumps [2]; the renovation of
existing energy-inefficient buildings [2]; and the implementation of

1. Introduction

Globally, the energy consumption of residential and service sector
buildings has significantly increased in past decades [1]. In the Euro-
pean Union (EU) in particular, all buildings are responsible for around
40% of total consumption [2], and the residential sector for 26% [3].
Consumption in the latter sector has grown significantly since 2000 [4]
and the vast majority (78%) is used for space heating and domestic hot
water [3]. In 2019, most energy for heating and cooling was produced
from fossil fuels (75% of the total), while renewable sources only pro-
vided 22% [5]. In order to reduce fossil fuel consumption and green-
house gas emissions in the residential sector, the EU is pursuing several
strategies, notably: more extensive use of photovoltaic panels and solar
thermal collectors by households [6]; the electrification of heating

district heating networks fed by waste heat and renewable sources [7].
In this context, new concepts are emerging, such as the Positive Energy
District (PED), which is defined as an urban neighborhood characterized
by annual net zero energy import and net zero CO:z emissions, with
surplus production of renewable energy integrated into an urban and
regional system. A PED is thus characterized by a high level of building
efficiency, which is achieved by retrofitting and the introduction of
renewable energy sources [8].

In the domain of solar technologies, recent years have seen the
widespread diffusion of photovoltaic panels and solar thermal collectors
in residential sectors to meet demand for electricity, space heating and
domestic hot water (DHW). Solar thermal collectors, in particular, are
very interesting, as most household energy is needed for heating. These

Abbreviations: CFD, computational fluid dynamics; COP, coefficient of performance of the heat pump; DHW, domestic hot water; DNI, direct normal irradiance;
EGG, expanded glass granules; FEM, finite element method; FGG, foam glass gravel; GHI, global horizontal irradiance; GI, global irradiance on the collector; HDPE,
high-density polyethylene; HP, heat pump; MW, mineral wool; PED, positive energy district; RES, renewable energy sources; SDH, solar district heating; SF, solar

field; STES, seasonal thermal energy storage.
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Nomenclature

ay,ds,ds,as,as coefficients used in the Li model [-]

1 heat loss coefficient for the solar collector [W/(m?*K)]

Co temperature-dependent heat loss coefficient [W/(m%*K?)]

Cp specific heat of the material [J/(kg*K)]

d diameter of the storage [m]

h convective heat transfer coefficient [W/(m?*K)]

H height of the storage [m]

q conductive heat flux [W/m?]

Geonv convective heat transfer between the ground and the
atmosphere [W/m?]

Grad radiative heat transfer between the ground and sky [W/
m?]

Qabs absorption of solar irradiance by the soil surface [W/m?]

Gt heat transfer due to the latent evaporation of water
contained in the ground [W/m?]

Q heat [MWh]

Qp estimated heat losses [MWh]

Qu measured heat losses [MWh]

S surface of the storage [m?3]

Tamb ambient temperature [K]

Ty annual average temperature of the seasonal storage To, =

(Tmax + Tmin)/2 [K]
Teondowr  inlet temperature at the heat pump condenser [K]
Teondour Outlet temperature at the heat pump condenser [K]
Tev.in inlet temperature at the heat pump evaporator
Te ground temperature [K]
T soil surface temperature [K]
Tgy effective sky temperature [K]
Tys upper storage layer temperature [K]
u Darcy velocity [m/s]
U global heat transfer coefficient [W/(m?*K)]
Uw thermal transmittance of building elements [W/(m?*K)]
A% volume of the storage [m3]
v wind velocity [m/s]
Greek symbols
p density [kg/m®]
k thermal conductivity [W/(m*K)]
A wavelength [pm]
£ infrared emissivity of the soil [-]
€y effective emissivity of the sky in clear sky conditions [-]
as absorption coefficient of the ground in the solar spectrum
[-]
1o peak collector efficiency [-]

systems are characterized by their scalability, ranging from small in-
stallations for single-family houses to large-scale plants. Large-scale
applications, covering thousands of square meters, can satisfy the ther-
mal needs of an entire small town or urban quarter, via a district heating
network. In recent years, several of these solar district heating (SDH)
systems have been implemented in the EU [9]. Nevertheless, the impact
of solar thermal technologies remains limited: for instance, in 2019, in
Italy they met only met 0.4% of heating and cooling demand [10].

The main disadvantage of solar technologies is related to their
intermittence nature that causes failure in meeting the energy demand
and supply [11]. However, for solar thermal collectors a valid and
economic solution to tackle this problem is already available and it is
represented by the use of a sensible energy storage which allows to store
heat in a storage medium, in general water, increasing its temperature.
Therefore, the potential surplus of heat produced by solar thermal col-
lectors can be easily stored and release it subsequently when needed by
users. If theperiod of storage is long up to several months, the thermal
storage is called seasonal (STES). Applying this concept to solar thermal
collectors in residential sector, STES allows in theory to store the excess
of heat produced by solar thermal collectors during spring and summer
when the thermal needs are low and to deliver it during winter when the
heat demand is high [12]. Therefore, STES makes available on-demand
the energy produced, overcoming the problem of intermittence of the
source. Thanks to STES, it is possible to raise considerably the amount of
heat provided by solar energy respect to the total heat demand, which is
called solar fraction [13]. For all of these reasons, solar district heating
systems are in general realized in association with STES. SDH with STES
is one of the most interesting strategies to decarbonize the residential
sector [11].

Concerning STES, four different typologies of storage have been
developed: aquifer, borehole, pit and tank [14]. Aquifer storage exploits
ground water to store heat. Borehole storage stores heat underground; it
is then delivered to users through pipes. Pit storage consists of an arti-
ficial pool filled with a storage material (water, or water mixed with
gravel) that is covered by a roof and has walls that are lined by unin-
sulated watertight plastic foil. Tank storage consists of structures that
are made of concrete or stainless steel surrounded by thick insulation to
reduce thermal losses [15]. A liner (stainless steel or polymer) and a
vapor barrier protect the insulating material and avoid water

permeation, respectively [16]. While aquifer and borehole storage are,
by definition, underground solutions, pit and tank storage can be built
overground. However, they are preferentially realized underground to
better integrate them in residential areas since they are in general
characterized by large volumes (thousands of cubic meters); moreover,
the ground adds to the insulation. The choice of technology depends on
the specific application, notably geological, thermal and economic
considerations [11].

Many examples of SDH with STES have been implemented in recent
years. Their solar fraction ranges from 20 to 50% [11]. In general, the
highest values are reached by coupling STES with a heat pump, which
can fully discharge the stored energy [17]. In 1980, Sweden was the first
country to invest in this technology [18]; Denmark and Germany are
currently the leading countries in Europe [19]. By the end of 2017, over
100 SDH projects had been implemented in Denmark, and 1.3 million
m? of solar collectors had been connected to district heating systems
[20]. Seasonal storages, notably especially pit storages, have been
realized in several of these projects. One of the first successful SDH was
built in Marstal [21], and it is characterized by 33,000 m? of solar col-
lectors and 75,000 m® of pit storage. Water is the storage medium, the
pit has a high-density polyethylene liner and the water is covered by a
floating insulating cover. A heat pump discharges stored heat up to
10 °C. Gram (pit storage of 122,000 m> and 45,000 m? of solar collec-
tors) and Dronninglund (62,000 m3 pit storage with 38,000 m? of solar
collectors) are two other examples of major SDH systems in Denmark
[22]. In both cases, the storage is used to deliver directly the heat to
users and indirectly exploiting it as a heat source for absorption or
compression heat pumps [23]. Several SDH systems with seasonal
storage (tank, pit, borehole, aquifer) have been built in Germany [24],
and the country is a major contributor to research on underground hot
water tanks. Tank volume ranges from a few hundred cubic meters to
12,000 m®. The first demonstration projects of solar district heating with
STES were implemented in 1996 in Hamburg and Friedrichshafen [25].
Different construction materials have been used, such as concrete with a
stainless steel liner (Friedrichshafen [26], Hamburg [25], Munich [27]),
waterproof concrete without liner (Hanover [28]), or fiber reinforced
resin (Ilmenau [29]). Several pit storage solutions have also been built
(Stuttgart, Chemnitz, Augsburg, Eggstein); here, the storage medium is a
mixture of gravel and water, sand and water, or soil and water [30].
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To date, there are no operational SDH with STES in Italy. However
this technology could be extremely interesting for Italy since the solar
resource is higher than in northern Europe. Many Italian cities already
have district heating nets that are 75% fed by fossil fuels, with the
remainder coming from waste and geothermal energy [31]. A prototype
system was built in Cosenza in 1995 to provide space heating for a 1750
m3 building [32]. A 91.2 m? solar field provided heat directly to the
building and to a 500 m> water tank made of reinforced concrete
equipped with 0.20 m foam glass insulation [33]. More recently, three
projects of solar district heating without STES have been developed: for
example, in Varese around 1000 m? of flat plate collectors have been
connected to the net [34].

In general, SDH system with STES must be large scale to be cost-
effective. As this requires significant financial investment, the design
phase is crucial [11]. Design starts with, among other considerations,
the determination of the district’s heat demand, the identification of the
area available for the solar field and the STES, and the target solar
fraction. The design of the STES is particularly complex as it involves not
only structural considerations, but also geological aspects, and energetic
and economic issues. Taking the example of water tank storage, thermal
performance is significantly affected by many factors: geometric pa-
rameters such as the aspect ratio, and surface to volume ratio; the
structure and properties of materials (thermal properties of materials,
water tightness, layer width, etc.); and external constraints such as
ground characteristics, radiation resources, user demand, size of the
solar field, supply and return temperatures, etc. [11]. So that, due to
complexity of the STES design, a numerical analysis is required to study
all the parameters that can affect the overall system.

Generally, the numerical analysis is divided into several steps that
are characterized by different levels of detail and complexity. Initially,
simplified numerical models provide a rough estimation of the size of
the solar field and storage requirements. For instance, [35] developed a
tool using engineering equation solver (EES) software for the pre-design
stage. The second step is an in-depth analysis of the seasonal storage and
its interaction with the district heating net. Here, more complex models
developed using energy system simulation software (TRNSYS, MOD-
ELLICA, DYMOLA) are needed. The appropriate software is selected
based on the aim of the simulation, the component of the SDH to be
modelled, and the degree of detail needed [36].

TRNSYS [37] is the most widely-used thermal process simulation
software package, and it can model renewable energy systems such as
SDH with STES. Solving for energy flows that enter and exit each
component, called ‘types’, results in an estimate of the heat collected by
the solar field, the influence and interactions between different com-
ponents of the SDH system (boilers, heat pumps, etc.), the thermal
behavior of the STES, etc. It can be used to evaluate how the system
operates over long periods of time, such as years, at hourly or sub-hourly
intervals, and requires limited computational resources. However, it
fails to accurately predict STES heat losses, due to a simplified approach
to heat transfer to the surrounding ground [11]. Moreover, as it does not
solve for fluid flow inside the storage system, it does not take into ac-
count phenomena such as buoyancy and mixing at inlet ports. Therefore,
it is unable to accurately estimate thermal stratification in the storage
solution.

A detailed insight into the thermo-hydraulic behavior of STES is
given by computational fluid dynamics (CFD). However, a multi-annual,
transient 3D thermo-fluid dynamic analysis of a large-scale STES (con-
taining thousands of cubic meters) remains a challenging task, as sig-
nificant computation resources are required [11]. Few CFD models of
large underground storage systems have been developed. Pan-
thalookaran et al. [38], realized a turbulence CFD model to describe
charging/discharging operations of STES. The study compared the re-
sults of the simulations with experimental data measured in two tank
STES located in Germany (Friedrichshafen and Hanover) and found that
the results of the simulation were in good agreement with experimental
data. However, the period of time of the simulation was limited to 5 h. A
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numerical model of a pit STES is developed in Chang et al. [39]. Their
model focuses on natural convection and temperature stratification, and
was validated with experimental data from a lab test. Fan et al. [40]
developed a CFD model of the Marstal pit STES, in order to describe the
distribution of temperature inside. The model has been validated with
the experimental results, reproducing accurately short term behavior
(few hours) of the STES during charge and discharge operations.

The above observations highlight that current energy simulation
models do not include all of the relevant details; at the same time, CFD
models are infeasible given the time and computational resources that
are required. Consequently, past numerical models based on energy
simulations software have failed to correctly predict STES heat losses
and the general performance of the SDH. Specifically, most measured
values of STES heat losses deviate significantly from estimates (by
30-450%) [29] and the actual solar fraction of the realized SDH is in
some cases 50% lower than calculated values [24]. Thus, a novel, robust
numerical procedure is needed to guide the design of such systems.

This paper addresses the problem. We develop an innovative nu-
merical analysis that can accurately predict the performance of the SDH
plant and the STES. The novelty of our work is that it couples a dynamic
SDH model with a FEM heat transfer model of the STES. To the best of
our knowledge, this is the first time that such an analysis has been
carried out to guide the design of the plant. The overall aim is to produce
a reliable estimation of STES heat losses and the performance of the
plant, and limit the prediction inaccuracies that have characterized past
projects. Our analysis is based on the development of various numerical
models in several software packages (Tas EDSL [41], TRNSYS [37], and
COMSOL Multiphysics® [42]). This paper focuses on the design of the
SDH system with STES that is currently being developed for Florence,
Italy. The city of Florence is part of the EU’s REPLICATE project,
financed under the Horizon 2020 Smart Cities and Communities pro-
gram. The plan is to improve the energy performance of two social
housing projects (299 dwellings) by implementing a small SDH system
with STES—for the first time in Italy.

Section 2 of this study describes the specific features of the Florence
project and the preliminary part of the numerical analysis. The SDH
model (using TRNSYS) and the STES FEM model are presented in Section
3, while the obtained results are reported in Section 4. Finally, Section 5
presents our conclusions.

2. Pre-design
2.1. The numerical procedure

Our analysis is based on numerical models that are developed in
linked software packages. The model of the SDH has been realized with
TRNSYS. However, as observed in the introduction, TRNSYS over-
simplifies the analysis of the heat transfer between the STES system and
the ground. One of the main pitfalls of past projects has been the erro-
neous prediction of thermal losses in the storage tank, due to the
inability of dynamic models to capture all of the relevant aspects. A
detailed FEM model would overcome this problem, as it can take into
account the influence of the external environment (ground and atmo-
spheric radiation) on the STES envelope temperature and provide a
reliable estimation of heat losses. Such a model should be able to pass
the information that is obtained to TRNSYS. However, a transient
thermo-fluid dynamic model that is able to describe both heat transfer
between the STES and the ground, and fluid flow inside the storage
system (resulting from buoyancy and fluid inlet/outlet through ports) is
too costly from a computational point of view. Consequently, this kind of
model is unsuitable for a high number of simulations, which is usually
the case during the design of an SDH system. A faster, more flexible tool
is needed. Our FEM model can capture several crucial aspects, such as
the STES geometry, its thermal bridges, and the distribution of soil
temperature due to underground heat transfer mechanisms, which are
not considered in the TRNSYS model.
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An overview of our numerical procedure is shown in the block dia-
gram below (Fig. 1). It is based on several numerical models that are
developed in linked software packages. The first step is to evaluate user
heat demand by developing a dynamic model of the buildings in Tas.
Then, a complete model of the SDH plant (solar field, seasonal storage,
heat pump, gas boiler, etc.) is implemented in TRNSYS. Heat demand
(calculated in the previous step with Tas) is used as the boundary con-
dition in the TRNSYS model. The model is able to describe the dynamic
behavior of each component, and can highlight the parameters that have
most influence on performance.

In order to improve the accuracy of heat loss calculations, and esti-
mate the optimal thickness of the insulating material, a 2D axisymmetric
FEM model of the STES was developed in COMSOL Multiphysics® 5.2.
The FEM model was then integrated into TRNSYS simulations in an
iterative procedure, as follows. First, a preliminary TRNSYS simulation
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was run, which set the value of the heat transfer coefficient as 0.05 W/
(m?K), and determined the annual temperature profile within the STES.
Then, this temperature profile was applied to the interior boundaries of
the storage of FEM model. FEM simulations were run to calculate heat
loss through the systems’ walls. TRNSYS simulations were updated with
the heat transfer coefficient determined by the FEM model, and a new
STES temperature profile was obtained. This new profile was used to
recalculate heat losses in the FEM model. When the relative difference
between the two solutions fell below 1%, the iteration ended. Next, a
parametric analysis was carried out to select the thickness of the insu-
lation layer. The above iterative procedure was repeated for each value
of insulation thickness. Once heat losses for each thickness had been
determined, and the optimum thickness for the application had been
selected, the results were used as input to the TRNSYS model. Finally, a
parametric analysis was run in TRNSYS; the main parameters (STES

| Create building dynamic model in TAS

A4

| Calculate building heat demand

l

Build SDH model in TRNSYS and import TAS results

\4

I Create STES heat transfer FEM model

l

I Run simulation in TRNSYS

A

l

Import TES temperature from TRNSYS into FEM model

\4

| Run FEM model

| | Update U value in TRNSYS model from FEM results

!

A

’ Compare heat losses between FEM and TRNSYS models |

}

Deviations

No

<1%?

l Yes

| Import U value of FEM model into TRNSYS model

l

| Run simulation in TRNSYS

Fig. 1. Flow chart of the numerical procedure.
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volume, heat pump capacity, etc.) were varied to obtain the optimal
solution for the SDH plant.

2.2. The project of the SDH with STES in Florence

The SDH and the seasonal storage will be built in Florence, Italy
(43°46’N 11°15'E). The aim is to supply heat to two existing buildings,
each with six floors, making a total of 299 dwellings. The system is
expected to provide up to 40% of heat demand thanks to heat that is
collected during the summer months (when solar resource is high and
demand is low) and stored in the seasonal storage. First, the two
buildings will be retrofitted with external insulation, in order to improve
thermal performance and reduce space heating demand. Currently,
space heating is supplied by individual gas boilers. These will be
replaced by a centralized gas boiler, which will provide heat to radiators
in individual homes (which cannot be substituted). Supply and return
temperatures are, respectively, 66 °C and 50 °C. The area for the solar
field is limited to the buildings’ roofs, which amounts to 1670 m?
(Fig. 2). The area available for heat storage is limited to the space be-
tween the two buildings. As the municipality forbids any above-ground
structures close to the river Arno due to flooding, the STES must be fully
underground. The area’s geologic characteristics make it unsuitable for
borehole or aquifer storage; thus, the options are restricted to pit or tank.
The presence of an aquifer, 12 m below ground level, limits the height of
the proposed solution, since contact must be avoided to reduce heat
losses. There are no significant limitations with respect to its other di-
mensions. A comparison of pit and water tank storage led to the selec-
tion of the latter one as the appropriate choice for the project, thanks to
its better thermal insulation [15]. The maximum temperature of water
inside the STES will be limited to 95 °C as the tank will not be
pressurized.

2.3. Dynamic model of the two buildings

The numerical analysis began with the development of a dynamic
model in Tas (EDSL, version 9.3.3). Here, the aim was to calculate
buildings heat demand after retrofitting. TAS EDSL is a simulation tool
that allows to perform hourly dynamic thermal simulation for buildings
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[41]. Structural elements, such as walls, roofs, floors and windows are
designed in a 3D environment (Fig. 3), and the software calculates the
annual space heating demand of the building envelope once the main
boundary conditions for thermal zones have been fixed.

Building features and annual radiation data for Florence, taken from
the ASHRAE typical meteorological year that has been used for simu-
lations [44] are reported in Table 1.

The main boundary conditions for the simulation are reported in
Table 2. Under Italian law, the heating period for the city of Florence
runs from November 1 to April 15 [45], and the number of hours per day
of space heating must not exceed 12 h. No cooling system will be
installed.

The two buildings’ structural elements after retrofitting, and thermal
transmittance values are reported in Table 3.

DHW needs were calculated based on Italian Technical Specifications
[45]. The average EU hourly profile of DHW heat demand for house-
holds has been taken from [46]. DHW demand has been assumed con-
stant each day of the year. The results of the dynamic simulation are
reported in Table 4. Total heat demand for the two buildings, neglecting
losses, is calculated to be 1142 MWh/yr.

Hourly space heating demand for the two buildings, normalized to
annual space heating demand obtained from simulations is reported in
Fig. 4.

2.4. The solar field model

TRNSYS 17 was used to optimize the configuration of solar collectors
and maximize the amount of heat collected, as the space for the solar
field is limited. Only the solar field was modelled in this phase. However,
in practice, operational conditions for the solar collectors could be very
different to the simple situation that was modelled, notably because they
are highly dependent on STES capacity and heat demand. Therefore, a
complete model of the SDH system, including all of its components and
connections is needed.

High-performance evacuated solar collectors (rather than flat plate
collectors) have been selected for the project as they are characterized
by lower heat losses at higher temperatures. This is relevant because the
supply temperature of space heating is relatively high (66 °C) and the

Fig. 2. Buildings and the area covered by the project [43].
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Fig. 3. Geometry of one of the buildings simulated in Tas.

Table 1
Building features, annual global horizontal irradiance (GHI) and direct normal
irradiance (DNI) for Florence [44].

Main parameters

20,207 m?
5° East, with respect to the N-S axis

Total net surface
Building orientation

Number of dwellings 299

GHI 1428 kWh/(m?yr)

DNI 1419 kWh/(m?yr)
Table 2

Boundary conditions for the simulation in accordance with Italian regulations
[45].

Boundary conditions

Air change per hour 0.3h?!
Internal temperature 20°C
Internal gains 6 W/m?
Latent gains 250 g/hour
Table 3
Structural elements of the two buildings and their thermal
transmittance.

Building element Uy, [W/(m?K)]

External concrete wall 0.22
Insulated external wall 0.16
External wall 0.20
Internal wall 1.4
Ground floor 1.2
Ceilings 0.22
Insulated roof 0.19
Window type 1 3.4
Window type 2 3.8
Window type 3 3.4
Table 4
Annual heat demand for the two buildings.
Annual heat demand [MWh]
Space heating 809
Domestic hot water 333

maximum charging temperature of the STES system is around 95 °C.
Parameters for the evacuated collectors used in simulations are reported
in Table 5. TRNSYS type 71 was used to model behavior of the solar
collectors.

Incidence angle modifier data for the collector were included to ac-
count for decreasing performance due to off-normal solar incidence.
Mutual shadowing between collectors, and external shadows caused by
the buildings’ towers was also considered. The simulation was run for a
constant inlet flow temperature of 80 °C. Table 6 shows the results of
several configurations. The gross occupied area remains constant, while
collector tilt and the distance between them is varied.

As Table 6 shows, annual heat production is maximized by filling the
available area with the maximum number of collectors and reducing the
distance between rows. This the optimal configuration, even if mutual
shadows could occur during the morning and evening, and the tilt of the
collectors diverges from the theoretical angle that maximizes annual
output for a single collector (around 36° in Florence).

2.5. Water storage tank design considerations

Two important geometric parameters for STES performance are the
surface to volume ratio (S/V), given by the surface of STES divided by
the volume of the STES, and the aspect ratio, i.e., the ratio of height to
diameter (H/d). In particular, the S/V represents the ratio between heat
losses and thermal capacity of storage [14]. Since the surface is pro-
portional to the square of the length, and the volume is proportional to
the cube of the length, an increase in volume decreases the ratio and,
therefore, heat losses with respect to stored heat. The aspect ratio, in
turn, has a significant influence on temperature stratification, and is
linked to internal exergetic losses [48]; high aspect ratios increase
stratification. Furthermore, taking the simple shape of a cylinder, it is
well-known that an aspect ratio of 1 (h = d) minimizes the surface and,
therefore, heat losses. The main geometric features of existing under-
ground, or partially underground systems in Germany are reported in
Table 7.

There is little experimental data about the operational performance
of STES. Table 8 reports performance data for four tank STES built in
Germany, which are characterized by different kinds and thicknesses of
insulation material. The STES in Hamburg have no insulation at the
bottom. In Hanover and Munich, its thickness varies: it is thinnest at the
bottom (0.3 m and 0.2 m, respectively), and thicker at the sides and top
(0.7 m, for both). It can be noted from Table 8 that measured heat losses
are significantly higher than values estimated during the design phase,
by 30-350%, or even more. Several factors may explain this mismatch
[29], they include: moving groundwater at the bottom of the storage
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0.12%

0.10%

0.08%

0.06%

0.04%

Space heating

0.02%

0.00%
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923
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1845
2306
2767
3228
3689

4150
4611
5072
5533
5994
6455
6916
7377
7838
8299
8760

[Hour of the year]

Fig. 4. Hourly profile of space heating demand in the two buildings.

Table 5
Performance parameters of the solar collector [47]. The parameters refer to
gross area.

Parameters of the solar collector

Mo 0.641
c 0.935 W/(m?K)
s 0.004 W/(m?* K?)
Gross area 3.86 m?

Table 6

Comparison of solar field layouts. The analysis considers the number of rows, the
distance between rows, collector tilt, the net area occupied, and the total energy
collected.

Number of  Distance Tilt Net area occupied Heat collected
rows between rows [°1 by collectors [m?] [MWh/yr]
[m]

28 2.1 25 504 354
44 1.1 15 792 544
48 0.8 15 864 585
56 0.5 10 1008 687

Table 7

Tank STES in Germany, and their main geometric parameters. .
Location Year V [m®] S [m?] h/d [-] S/V [1/m]
Hamburg 1996 4500 1650 10.7/25.7 0.37
Friedrichshafen 1996 12,000 2796 19.4/32.4 0.23
Ilmenau 1998 300 262 8.0/7.2 1.14
Hanover 2000 2750 1135 11.1/19.0 0.41
Attenkirchen 2001 500 350 8.0/8.9 0.70
Crailsheim 2006 480 362 14.5/6.3 0.75
Munich 2006 6000 1800 16.1/24.6 0.30

Adapted from [11]

Table 8

system, higher thermal conductivity of the insulation material due to
higher STES temperatures and moisture penetration, higher return
temperature from the district net, and poor thermal stratification inside
the tank.

For structural reasons, a truncated cone shape has been chosen for
the storage tank in Florence. The size of the construction site (see Section
2.2) and the presence of the aquifer meant that the bottom of the tank
could not be more than about 8 m below ground level. However,
exploiting an existent small hill over the ground, the maximum internal
height could be around 12 m; thus, the height available for water,
considering thermal expansion, is around 9.8 m. The ideal aspect ratio
for a cylindrical tank is consistent with a storage volume of 650 m®.
Assuming annual internal tank storage temperatures T, = 25 °C and
Tmax = 95 °C, the storage capacity is 52 MWh, which that is too low
compared to the heat demand and for reaching the targeted solar frac-
tion of up to 40%. Volume can only be increased by increasing the
diameter (i.e., lowering the aspect ratio). This is likely to have two
consequences: less thermal stratification, and a higher S/V ratio
compared to the ideal one with the same volume. Geometric parameters
and capacity for different storage volumes are reported in Table 9 (ca-
pacity is calculated assuming T, = 25 °C and Tpax = 95 °C). As can be
noted from Table 9, the surface to volume ratio decreases rising the
volume. However, a comparison of the proposed system with the much
bigger Munich tank shows that the ratio remains significantly higher (by
23%).

For financial reasons, as at Hanover [29], the main construction

Table 9
Geometrical parameters of the tested storage configurations.

V [m?%] S [m?] H/d [-] S/V [1/m] Storage Capacity [MWh/yr]
1500 740 9.8/14.2  0.49 122
2500 1075 9.8/18.2  0.41 204
3800 1452 9.8/24 0.39 310
4800 1812 9.8/28 0.38 391
5800 2145 9.8/31.4  0.37 473

Main parameters of operational tank STES showing the location, insulation material and width (MIW = mineral wool, EGG = expanded glass granules, FGG = foam
glass gravel), measured heat losses, the ratio of estimated and measured heat losses, the difference between mean storage temperature and the mean ground tem-
perature, the heat transfer coefficient, and the measured solar fraction [11,24,26,29,49-51,52].

Location Insulation Qv [MWh/yr] Qp/Qum [MWh/yr] Tay — Tgr [KI] U [W/(m?K)] Solar Fraction [%]
Hamburg 0.3 m MIW 360-430 3.8/4.5 42 0.6/0.71 25

Friedrichshafen 0.3 m MIW 320-480 1.5/2.2 49 0.25/0.28 21-33

Hanover 0.3/0.7 m MIW/ EGG 90-100 1.3/1.4 33 0.28/0.31 -

Munich 0.2/0.7 m FGG and EGG 195 2.4 - - 45
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material will be watertight high-density concrete with low vapor
permeability, rather than concrete with a steel liner. Among the various
type of insulation materials that are employed in tank STES (e.g., XPS,
EPS, mineral wool, expanded glass) bulk materials such as expanded
glass granules have been used in recent projects [15]. The fact that they
can be poured makes them a simpler and more economical solution than
mounting insulation sheets [51]. They were selected as the insulation
material for the side walls and top of the Florence STES. Foam glass will
be used at the bottom because of its resistance to static pressure. A high-
density polyethylene (HDPE) vapor barrier has been chosen to protect
the insulator from ground moisture penetration. The configuration of
the STES wall is reported in Fig. 5.

3. Numerical analysis
3.1. The TRNSYS model of the SDH system

The overall SDH system was modelled in TRNSYS (version 17). This
model describes all of the components of the plant (STES, the solar field,
the heat pump, the backup boiler) and their connections. Heat demand,
calculated in Tas, is used as an input to the TRNSYS model. Fig. 6 shows
the layout of the SDH. It is divided into loops that represent different
hydraulic circuits (solar, STES, and user).

Several differential (type 2b) controllers govern operations. For
instance, the solar field pump is only switched on if solar radiation is
above 150 W/m?. The solar field is modelled by type 71, which describes
an evacuated tube collector. The performance of the solar collector is
described by:

n="n—c1(Ty — Tam) /Gl — c2(Tog — Tus)’ /GI

where Ty is the mean temperature of the collector, and GI is global
irradiance on the collector. Performance parameters of the evacuated
solar collectors are taken from [47]. When GI > 0, the outlet tempera-
ture of the collector is calculated as:

GI*A*n
mC,

Tpu = Tin+ @

where T,y and Ti, are, respectively, the outlet and inlet temperature of
the collector, A is its area [mz], and m is the mass flow rate [kg/s].
The incidence angle modifier of the solar collector is considered and
provided through a data catalog file. Mutual shadowing among collec-
tors, and external shadows due to building structures are considered. A

®

Water

Fig. 5. STES layers: 1) high-density concrete; 2) expanded glass granules; 3)
formwork; 4) HDPE vapor barrier.

Applied Thermal Engineering 197 (2021) 117438

weather data reader (type 15) is used to read the weather data file and
transfer information (irradiance, temperature, etc.) to the solar collec-
tor. The heat transfer fluid circulates, and is heated up in the solar loop
until the temperature is 10 °C higher than the temperature of the top
region of the storage; at this stage the differential controller rules to the
three-way valve (type 11f) to divert the flow toward the heat exchanger
of the storage. Heat is stored in the STES and delivered to users when
required. A gas boiler (type 6) is introduced to supply heat in case the
STES is unable to meet demand.

The STES is modelled using type 4, which describes a cylindrical
stratified storage tank. The general form of the heat balance equation for
thermal energy storage is given in [13] as:

dTr

S —p—P,-US(T-T,
u s —PL—US( amb) 3

mC,
where T is the mean temperature of the storage, P; is the rate of energy
addition from the solar collector, P is the rate of energy transferred to
the load, U is the heat loss coefficient of the storage envelope, and S is
the surface of the STES. The heat loss coefficient depends on both the
thickness and thermal conductivity of the storage material, as well as
thermal ground resistance.

TRNSYS considers thermal stratification by dividing the overall
volume into N fully-mixed volume segments of fluid, and solving the
heat balance equation for each volume. Thermal stratification in type 4
is assessed by considering the conductive heat transfer of fluid between
adjacent nodes, and variation in internal energy due to the insertion/
extraction of fluid to/ from the STES. Fluid dynamic effects such as
buoyancy and jet flow (that destroy stratification by mixing) are not
considered. More mathematical details can be found in [37]. An elec-
trical water-water heat pump (HP), modelled using type 927, has been
introduced in the model. This type is a performance map: results are a
function of a file that contains catalog data regarding the capacity and
power that are drawn as a function of load and source temperatures,
which are calculated as:

Tsource.out = Tsourcein — Q“h“ @
mC,
abs + Pzeu

Tioad.our = Tioadin + (Qb.i”) )

mC,

Where Tsourceouts Tsourcein are respectively the outlet/inlet source tem-
perature, Tioad ous>Tioadin the outlet/inlet load temperature/, Qg is the
heat rate [W] absorbed from the source, and Py, is the electrical work of
the heat pump [W].

The aim of the heat pump is to produce heat in efficient way and to
lower STES temperature. In general, the performance of SDH compo-
nents (storage, solar field) strongly depend on the supply and return
temperature of the heating plant; in particular, the return temperature
(Trer) from the net determines the annual minimum temperature of the
STES. In this project, the return temperature is quite high (around
50 °C), as heat is delivered to dwellings through radiators. As a result,
the temperature inside the STES would be limited between 95 and 50 °C.
It means that the STES would not be fully discharged from a thermal
point of view, significantly reducing its storage capacity. The water—
water heat pump overcomes this limitation, as it can extract heat from
the STES and allow it to discharge almost totally. In general, it increases
the amount of heat produced by renewable energy sources and the solar
fraction of the district heating.

The heat pump uses the STES as a source of heat (on the evaporator
side), while the user is the sink (condenser side). In the TRNSYS model, it
is turned on when the stored heat can no longer be directly exploited for
space heating (i.e., when the temperature of the upper region of the
storage falls below Ty s < Trer + 5 °C = 55 °C). If the heat provided by the
heat pump is insufficient to meet demand, the backup boiler kicks in.
The pump used in our simulations is a commercial product; it is able to
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Fig. 6. Overview of the SDH system in TRNSYS.

produce water for space heating and DHW (COP = 4.13 for Teyin =
45 °C, Teon,in = 70 °C, Teon,out = 78 °C) and to extract heat from the STES
until the temperature falls to 20 °C (COP = 3.7 for Tey,in = 20 °C, Tcon,in
=50 OC: Tcon,out =65 °C) [53].

In order to have a reliable estimation of the heat losses of STES, and
determine the optimal thickness of the insulation material a FEM model
has been developed with COMSOL Multiphysics® 5.2 and integrated
into TRNSYS simulations using the iterative procedure described in
Section 2.1.

3.2. The FEM model of the STES

Our FEM model of the underground tank is a time dependent heat
transfer model. It describes the heat transfer between the storage en-
velope and the soil, taking into account the influence of the external
environment (atmosphere) on the heat losses of the STES. In order to
reduce the computational cost, exploiting the axial symmetry of the
geometry of STES, characterized by truncated cone shape and the axial
symmetry of the heat transfer problem, it has been created a 2D
axisymmetric geometry. The full 3D solution is obtained by the software
rotating the plane of the geometry around the axis of symmetry. The
computational domain consists of the storage envelope and the sur-
rounding soil (Fig. 7). The latter extends 70 and 30 m from the storage in
radial and axial directions, respectively. The storage interior, i.e., the
water domain, was not modelled, and an analysis of fluid dynamics was
not implemented as this requires a full 3D geometry, and the compu-
tational effort for a multi-annual simulation would be too high. For
simplicity, the domain of the atmosphere is not considered in the model;

heat transfer mechanisms between the soil surface and the atmosphere
are described by heat transfer correlations.

The energy equation is solved inside the computational domain,
following [54], as:

oT

3 +Veg =R (6)

pCp
where p is the density of the material [kg/m>], Cp is the specific heat of
the material [J/(kg*K)], ¢ = —kVT is the conductive heat flux [W/rnz],
in which k is the thermal conductivity of the material [W/(m*K)], and R
[W/m?] is a generic thermal source (if present).

The movement of air and moisture in the wall of the STES and the
ground are not taken into account to reduce the complexity of the
model.

The infinite element domain is used to truncate the computational
domain in the radial direction, and avoid effects due to the imposition of
boundary conditions (e.g., fixed temperature) that could influence heat
transfer. Ground temperature at the boundary of the infinite domain is
set at 15 °C. On the bottom boundary of the computational domain, 30 m
below the bottom of the storage, it has been imposed a fixed temperature
of 15 °C. The presence of the aquifer (12 m below the soil surface) and its
influence on heat transfer is taken into account. The aquifer flows in a
gravel layer that is three meters thick and runs a few meters below the
bottom of the tank. Due to the 2D axis geometry used in the model, we
assume that the aquifer enters the computational domain at a fixed
temperature of 15 °C along the axis of symmetry, and flows radially
under the tank. This approach has been considered to be a good
approximation of the real situation. Flow in this domain is modelled

m

STES

Wet soil

o

Dry soil

Aquifer

Dry soil L

Infinite
domains

m

0 20 40

T T T

60 80 100

Fig. 7. The computational domain of the model.
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using Darcy’s law [55]:

u= — X VP 7
u

where u [m/s] is the Darcy velocity, « [m?] is the permeability of the
porous medium, u [Pae«s] is the dynamic viscosity of the fluid, and P [Pa]
is fluid pressure. The hydraulic conductivity of the layer is 0.001 m/s.
Fluid flow is characterized by low velocity (ju| =~ 10> —-107% m/s).

At the soil surface, several heat transfer mechanisms take place be-
tween the ground and the atmosphere. The energy balance is described
by the equation:

—N*q = Geonv T Grad + Gabs T Giar (8)

where n is the normal to the boundary; qcony [W/m?] represents
convective heat transfer between the ground and the atmosphere; g,qq
[W/m?] is the radiative heat transfer between the ground and sky;
qavs [W/m?] describes the absorption of solar irradiance by the soil
surface; and qjq; [W/m?] is the heat transfer due to the latent evapora-
tion of ground water. These heat fluxes are applied as boundary con-
ditions to the soil surface.
Heat transfer by convection is described using the equation:

Geom = W(Ts = Tomy) 9

where h [W/(m2*K)] is the convective heat transfer coefficient, T; is the
soil surface temperature, and Ty, is the ambient temperature. The heat
transfer coefficient is calculated using the correlation given in [56] as:
h=5.6+3.9v for v < 5m/s (10)
h = 7.2v%78 for v > 5m/swhere v is the wind velocity module.
Radiative heat transfer between the ground surface and the sky is
described using the equation:

Grad = ExD-(T: - T.iv)

where T; [K] is the soil surface temperature; T, [K] is the effective sky
temperature; ¢ = 5.67-107%W/(m*K™*) is the Stefan-Boltzamnn con-
stant; and & [-] is soil emissivity in the infrared region (1 pm < A < 100
pm). In general, emissivity for various kinds of soil is between 0.9 and 1
[56]; here, it is fixed at &g = 0.9.

To calculate the effective sky temperature the model proposed by Li
et al. [57] has been used. This model considers the radiation emitted by
the clouds and thus it is an all sky conditions model:

Ty = €uyeTamy(1 = @1 CF®) + a3 T, CF* (12)
where gy [-] is the effective emissivity of the sky for clear sky condi-

tions; ai,as,as,as, andas [-] are the coefficients of the model; CF [%] is
the cloud cover fraction; ¢, [%] is relative air humidity. Readers should

refer to [57] for the calculation of Esky.c and values of coefficients a;..as.

Latent evaporation energy is calculated using the correlation [56]:

Gir = 0.0168h(9,ps — P.Pa) 13)
where 0.0168 has dimensions [P%], h [W/(rnz*K)] is the convective heat
transfer coefficient, ¢, [%] and ¢, [%] are the relative humidity of the
soil surface and the air, and ps; [Pa] and p, [Pa] are the water vapor
pressure at the soil surface and of air. Details of the calculation of
@,,Ds,Pa can be found in [56].

Finally, it has been considered the absorption of the solar irradiance
by the soil surface:

Gabs = ,GHI a4
where a5 [-] is the ground absorption coefficient in the solar spectrum
(0.3 pm < A < 2.5 pm) andGHI [W/m?] is global horizontal irradiance. In
cases where the soil surface slopes, irradiance is projected.

Annual hourly profiles of ambient temperature, wind velocity, global

10
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horizontal radiation, air humidity and cloud cover fraction for Florence
[44] have been employed in the model.

The main physical properties of the materials used in the FEM model
are reported in Table 10. The ground is mostly composed of silt loam
(sand 20.4%, silt 53.7%, clay 25.9%), established through a soil anal-
ysis. It has been verified that gravimetric water is limited to the first
three meters and does not exceed 20%. Therefore, the computational
soil domain is divided into two regions (Fig. 7): the first describes con-
ditions up to three meters below the surface, which is characterized by
wet soil; the second, from 3 m of depth to 35 m, is characterized by dry
soil. The relation between thermal conductivity and specific heat on soil
temperature is neglected.

Thermal conductivity of the insulation material (expanded glass
granules for the sides and top, foam glass for the bottom) is set at k =
0.08 W/(m*K) at ambient temperature and k = 0.09 W/(m*K) at 90 °C
[51].

The numerical grid is composed of a mesh of 68,000 elements; finer
elements are used for the walls to accurately calculate thermal fluxes
and obtain the temperature distribution, while coarser elements are
implemented for ground far away from the storage. The time step is fixed
at one hour. This is justified by the fact that inputs to simulations are
provided as hourly data (storage temperature, ambient temperature,
global irradiance, etc.) and because the temperature of the storage and
of the ground changes slowly (4 < 0.1°C/hour). The time period is set to
10 years, in order to obtain stable results for soil temperature sur-
rounding the storage.

4. Results
4.1. STES heat loss

Three configurations with different widths of the insulation layer
(30 cm, 50 cm, 70 cm) for a storage volume of 3800 m® were investi-
gated. We assume that the width of the insulation layer is uniform, i.e., it
is the same for the bottom, sides, and top.

Fig. 8 is a 2D plot of the temperature field of the storage system and
the surrounding ground with 70 cm of insulation for one hour in the
fourth year of operation, during the fall when the storage is discharging
to release heat to users. Arrows indicate the direction and strength of the
heat flux. This figure highlights that heat inside the storage system heats
up the surrounding soil. The insulation material is hotter in bottom
compared to top regions, since it is less influenced by the external
temperature. The aquifer, at around 12 m below the soil surface, aborbs
some of the heat. As expected, heat flux is highest in ground layers closer
to the surface.

Simulated heat losses are reported in Table 11, divided into bottom,
side and top losses. Predicted losses with 30 cm insulation are estimated
to be around 83 MWh/yr. For 70 cm insulation thickness, a reduction of
the heat losses of about 30 MWh/yr is expected. Most losses, around
45% of the total for 30 and 50 cm, and 42% for 70 cm, are from the top
regions. With V = 3800 m3, S = 1452 m?, the temperature during the
STES cycle is Tmax = 90 °C, Tin = 25 °C, and Tgmp = 15 °C; the average
heat transfer coefficient with 70 ¢m of insulation is U = 0.10 W/(m>**K).

It should be noted that these results could still underestimate heat
losses. Several minor heat transfer mechanisms, such as natural con-
vection in the water in the STES, natural convection in the air in the top
levels of the system, the diffusion of water vapor within the layers, and

Table 10

Properties of materials used in the FEM model at T = 20 °C.
Materials p [kg/m®] k [W/(m*K)] Cp [J/(kg*K)1
High density concrete [58] 2400 2.3 1000
Expanded glass granules [59] 160 0.08 850
Dry soil 1550 0.65 1000
Wet soil (20%) 1890 0.9 1540
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Fig. 8. Temperature field of the storage system and the surrounding ground.

Table 11

Results of FEM simulations for various thickness of the insulation layer.
Insulation Heat losses Bottom Side losses Top losses
thickness [em] [MWh/yr] losses [MWh/yr] [MWh/yr]

[MWh/yr]

30 83 18 27 37
50 69 15 23 31
70 53 13 18 22

the diffusion of water in the soil are not considered in order to reduce the
computational cost. However, their contribution to total heat losses can
be neglected.

A more important contribution to losses may be moisture penetration
into the insulation material. Many STES projects have faced this prob-
lem, due to the failure of the vapor barrier used to protect the insulation.
Thermal conductivity of expanded glass granules increases rapidly with
moisture content [60]: for instance, with 20% of volumetric water
content and 80 °C, it increases by a factor of 10 compared to the value of
the dry insulator. For this reason, FEM simulations have been run to
evaluate the effect of moisture content on heat losses for three insulation
thicknesses (30 cm, 50 cm, 70 ¢cm) in the worst-case scenario (i.e., 20 vol
% of water content). The thermal conductivity trend with temperature
used in simulation for 20 vol% of water content is described by the
exponential relation: 0.1003*e(0'0247*T[°CD, obtained from [51] for T >
0 °C. Variation in density and the specific heat of the insulation material
with increased moisture content is calculated following [61] as:

Prer = Pary TPV 15)

Cary + P,,CoW

Coet = pdry dry T Py (16)

pdry + PwW

where p,; , P4, » and p,, are, respectively, the density of wet and dry

material, and water density [kg/m>]; w is moisture content by volume;

and Cyet , Cary > Cw are, respectively, the specific heat of wet material, dry
material and water [W/(m*K)]. The results are reported in Table 12.

Table 12 highlights that heat losses in the wet condition are, at a

minimum, doubled compared to the dry condition. Growth is higher in
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Table 12
STES heat losses for various thickness of insulation and 20% volumetric water
content.

Insulation Heat Losses Bottom Side Losses Top Losses

thickness [cm] [MWh/yr] Losses [MWh/yr] [MWh/yr]
[MWh/yr]

30 174 30 50 94

50 160 30 47 83

70 137 27 42 68

the top regions where heat transfer is stronger. A 30 cm insulation layer
is characterized by 174 MWh annual heat loss. Given that the pre-
liminary TRNSYS simulation estimated heat production in the solar field
of around 800 MW, it appears that around 22% of the heat that is
collected could be lost in storage. With 70 cm insulation, even with
moisture penetration, these losses could be limited to around 17%.

As noted in Section 2.5, experimental heat loss in European STES is
substantially higher than predicted values. Even if the analysis reported
here is more reliable, thanks to the use of the FEM model, many
unpredicted problems can arise during the operations of the storage
(notably moisture penetration) despite a careful design and realization.
Therefore, following the comparison of heat losses with dry and wet
insulation, it has been selected 70 cm as the minimum insulation
thickness for this project.

To improve TRNSYS simulations, and provide a conservative esti-
mate of heat produced by solar technologies, the heat transfer coeffi-
cient obtained from the simulation with 70 cm dry insulation has been
multiplied by a safety factor of 1.8. Thus, a heat transfer coefficient of U
= 0.18 W/(m?K) is used in the TRNSYS model.

4.2. Parametric analysis

The main parameters used in TRNSYS simulations are reported in
Table 13.

Drawing on information derived from the FEM model, we ran a
parametric analysis in TRNSYS. Here, the aim was to vary the storage
volume while keeping the surface of the solar field fixed at 1000 m?
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Table 13
Types used in TRNSYS simulations and the main boundary conditions.

Component Relevant parameter

U = 0.18 W/(m’K)

H=98m

1500 m® < Volume < 6000 m® 10
temperature nodes

Net area of the solar field = 1000
m2

n0 = 0.641, c1 = 0.935 W/(m?K),
€2 = 0.004 W/(m*K?)

Collector gross area: 3.86 m?
Flow rate: 0.02 kg/(m?s)
Heating capacity 279 KW

Power 67.6 kW

COP 4.13

Operational if 20 °C < Tey,in <
45°C

Operating condition of the solar
field:

On if GHI > 150 W/m?
Controlling heat transfer between
solar field/STES:

Transfer heat to STES if Toye > Ty,
s+10°C

Controlling heat transfer between
STES/users:

Transfer heat directly from STES
if Tyg > 55 °C

Use heat pump if Ty g < 55 °C
Solar field/STES HX Tetpoint =
95 °C

Thermal Storage (type 4)

Evacuated solar collector (type 71)

Water-water heat pump (type 927)

Differential controller (type 2b)

Heat exchanger with hot side bypass (type 650)
to keep the cold side outlet below a
temperature setpoint

STES/User Tsetpoint = 66 °C

Time step = 5 min

Simulation period = 3 years

Supply/return temperature to

users 66/50 °C

Details of the TRNSYS simulation

(equal to the maximum number of collectors that can be installed). The
simulation period was set at three years, in order to model stable con-
ditions. The simulation time step was set at five minutes. A sample of the
results is reported in Table 14. It is worth to note that the heat collected
by the solar field does not match with heat delivered to the STES system.
This is due to losses in pipework, and the efficiency of the heat
exchanger that connects the solar field to the STES.

Table 14 highlights that smaller volume STES (1500 and 2500 m®)
cannot provide a solar fraction above 40%, since STES capacity is small
and is fully charged at the beginning of summer season. However, larger
volumes, with bigger storage capacity have a solar fraction of up to
44-45%. The amount of useful heat delivered to users increases some-
what, from 3800 m® to 5000 m> (only 15 MWh). This is due to the
suboptimal STES aspect ratio, which increases heat losses even though
the mean STES temperature falls. As volume increases up to 6000 m>
there are no further advantages in terms of delivered heat to users.
Consequently, since the solar field net aperture area and the height of
the STES are fixed, due to external constraints, there are no advantages
to building a volume bigger than 4000 m® as the net heat delivered to
users does not change significantly. Thus, from the economic point of

Table 14

Results of TRNSYS simulations for different STES volumes.
Volume SF STES Heat from STES Solar
[m®] production Losses STES to Tmax Fraction

[MWh] [MWh] user [°C] [%]
[MWh]

1500 625 50 554 94 36
2500 701 69 609 94 40
3800 780 90 668 92 44
5000 808 105 682 82 45
6000 818 115 684 73 45
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view the additional costs of excavation and materials are not justified.

A size of 3800 m® has been selected as the optimal STES volume for
the Florence project, which is a trade-off between energetic performance
and cost. The solar fraction expected for this configuration is 44%. The
detailed heat balance for a plant with a STES volume of 3800 m? is re-
ported in Table 15. Total heat demand for the buildings includes all
losses due to distribution and generation.

STES efficiency, defined as the ratio of the energy provided by the
storage to the total thermal energy input, is 88%. Furthermore, in the
scenario with dry insulation material, U = 0.10 W/(m?*K), STES heat
logses are halved, and the solar fraction increases to 45% for V = 3800
m”.

It should be noted that the integration of the heat pump into the
system remarkably increases the solar fraction compared to the config-
uration without it; a comparison of the two configurations is reported in
Table 16. Following an analysis of the hourly heat load of the two
buildings, the size of the heat pump has been set at 279 kW. With a STES
volume of 3800 m® and the installation of the heat pump, the useful heat
extracted from the system increases to 133 MWh (25%), and the solar
fraction increases from 35% to 44%. This is due to the increased STES
capacity and a reduction in heat losses due to the low average temper-
ature. In comparison, for a system without a heat pump, storage capacity
is limited to 181 MWh (due to the temperature interval 51/ 92 °C. With
the heat pump, the minimum temperature drops to 23 °C and capacity
increases to 305 MWh (124 MWh more). Similarly, in the configuration
with the heat pump, storage is discharged to 84% of its ideal capacity
(assuming Tpin = 10 °C, Tpax = 92 °C), while without it, it is only dis-
charged to 50%.

Furthermore, it should be noted that selecting a heat pump with
better performance could lower the minimum storage temperature to
10 °C and consequently further increase the solar fraction.

Fig. 9 shows annual variation in mean STES temperature. This figure
illustrates the different operating conditions of the SDH system during
the course of a year, and the control strategies that have been estab-
lished thanks to the TRNSYS model. At the end of the space heating
season (i.e., the beginning of spring, t = 2200), the STES is fully dis-
charged (to the limit of the selected heat pump) with respect to tem-
perature; during this period, solar resources start to increase and the
solar field starts to transfer heat to the storage volume. Since heat de-
mand is low, and limited to DHW, the storage temperature rises.
Charging continues during summer time when irradiation from the Sun
is higher. At the end of the summer, the storage volume is fully charged,
reaching a maximum temperature of 92 °C. In fall, user demand grows as
space heating is turned on; the STES begins to discharge to provide
direct heat. This process continues as long as the STES maximum tem-
perature is higher than the return temperature. As the temperature of
the STES becomes closer to the return temperature, the heat pump is
switched on. The heat pump extracts heat from the STES, discharges the
storage volume and delivers heat to the user. If demand exceeds the heat
provided by the heat pump, the back-up boilers are switched on. The
heat pump is in use from December to March. At the end of winter the

Table 15
Heat balance of the plant. Storage volume of 3,800 m®,
[MWh/yr]

Total heat demand 1522
Heat collected by the solar field 780
STES balance:
o Heat input from the solar field 758
e STES losses 920
e Heat output directly to user 356
o Extracted from the heat pump 312
Heat to user from:
e Gas boiler 770
o STES directly 356
e STES + heat pump 396
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Table 16
Comparison of performance with and without the heat pump for a STES volume
of 3800 m®.

HP SF production Heat from STES to STES Tpin  Solar
[MWh/yr] user [MWh/yr] [°C] Fraction [%]
No 686 535 51 35
Yes 780 668 23 44
cycle ends.

Fig. 10 reports annual heat demand profiles for the different heat
sources (the STES, the heat pump, and the boiler) and the solar fraction
of the SDH. This figure illustrates that renewable sources can fully satisfy
heat demand during the summer months. Around half of the heat
stocked is used directly in November and December, and the other half is
extracted by the heat pump in the other winter months. The monthly
solar fraction of the SDH reaches its minimum in February (21%) and
maximum in the summer months. The value in May decreases sharply
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compared to April as the heat pump is turned off and the mean storage
temperature cannot meet heat demand.

Fig. 11 shows global radiation available on the collectors, the heat
produced by the solar field and the efficiency of the collectors. This
shows that efficiency is higher in spring when the storage is discharged
and the working temperature of the solar field is lower. In summer, ef-
ficiency decreases due to the high working temperature and the fact that
the part of the radiation is not exploited, as the storage is fully charged
(especially in August).

For what concerns the thermal stratification of the storage, it has
been supposed in TRNSYS simulations that hot water from the solar field
enters the tank close to the top of the volume, and cold water from users
enters at the bottom; in turn, cold water is supplied to the solar field
from the bottom of the tank, and users are supplied with hot water from
the top. Regardless of the strategy, the thermal stratification predicted is
quite poor, reflected in a 10 °C difference between the top and the
bottom of the volume. This is due to the height to diameter ratio, which
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Fig. 9. Annual mean temperature profile inside the STES.
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Fig. 10. Annual profile of SDH heat demand.
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Fig. 11. Histogram of the annual global radiation profile and the heat produced by the solar field. The orange line represents collector efficiency. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

does not promote stratification.

Therefore, a new charge and discharge solution is needed to increase
stratification. An approach has already been designed and will be
implemented in the tank. Specifically, the typical storage configuration,
which is characterized by four inlet/ outlet ports (two at the bottom and
two at the top of the tank) will be modified. As noted above, the classic
configuration is characterized by two levels of charge and discharge:
water supplied to the solar field, at lower temperature, is drawn from the
bottom of the STES, and returning water, at higher temperature, is
introduced at the top; users are supplied with water at higher temper-
ature from the top of the tank and the returning water, which is at a
lower temperature, is injected at the bottom. In many situations, this
configuration forces water at different temperatures to mix, causing the
destruction of exergy. For instance, on days with poor irradiation, the
water flowing in the solar field would not reach the temperature of the
top of the STES and so, the insertion of colder water returning from the
solar field would lower the temperature level of the top layers. Adding
another, intermediate-level port at a height where the temperature is
lower compared to the top of the STES partly fixes this problem, as it

allows flow from the solar field to be discharged in a region of the STES
that is characterized by lower temperatures.

The new solution implemented in the Florence project foresees a six-
port configuration (three for charging and three for discharging). These
ports will be placed at different heights (top, bottom and middle).
Through the use of electronic valves, all the hydraulic circuits (the solar
field loop, the user loop, and the heat pump loop) will be connected to
each of them. Thus, each circuit has six connections with the STES (18
connections in total), and can draw and inject water at three levels.
Compared to the classical configuration, there are two more levels of
charge and discharge for each circuit. This configuration makes it
possible to insert (extract) water in the storage region where the tem-
perature is closest to that of the incoming (outgoing) water, in order to
avoid the mixing of fluids at different temperatures and exergy
destruction.

This system increases thermal stratification and available heat. The
layout of the internal piping, showing the different levels of charge and
discharge for one hydraulic circuit, is reported in Fig. 12. Numerical
simulations in TRNSYS estimate the rise of the solar fraction of 1% more,
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Fig. 12. Layout of the internal piping.
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up to 45% due to this new layout.

5. Conclusions

The concept of solar district heating associated with a seasonal
thermal energy storage is a promising strategy to reduce the consump-
tion of fossil fuels by households. It has been widely applied in Northern
European countries (Sweden, Denmark, and Germany) but not, until
now, in Italy. A new project will be implemented in Florence, under the
European REPLICATE project, which is financed under the Horizon
2020 Smart Cities and Communities program. The SDH will be built in a
residential area as an improvement to two social housing (299 dwell-
ings) buildings, which will also be made more energy efficient. This
paper presents an innovative numerical approach to the design of the
heating plant. For the first time, the design phase is based on the
coupling of a dynamic SDH model (in TRNSYS) and a FEM model of the
STES. The aim is to obtain a more detailed analysis, and a more reliable
estimation of performance. The two models are linked via the temper-
ature profile of the storage volume.

The key results of our study are as follows:

The inclusion of the FEM model makes it possible to calculate heat
losses for different insulation thicknesses and moisture content, and
determine the optimal insulation thickness (70 cm of expanded glass
granules).

A parametric analysis of the TRNSYS model determined the optimal
size of the solar field and the storage volume. The solar field net aperture
area is set at 1000 m2. A volume of 3800 m® for the STES water tank is
considered to be the best trade-off between energetic performance and
costs.

We obtained a reliable estimation of the solar fraction of the SDH
plant: 44%.

The TRNSYS model demonstrated that the water-water heat pump is
a key component in the project, and considerably improves system
performance. The temperature interval for the annual STES cycle with
the heat pump is 92/ 23 °C.

Control strategies for the heating plant were determined based on the
maximization of the solar fraction and optimizing STES performance.

It is expected to validate the TRNSYS-FEM model with future
experimental results.

The project demonstrates that even in urban environments that are
characterized by limited space, it is possible to integrate renewable
energy solutions. This technology has huge potential and, given the
weight of the residential sector in energy consumption, its imple-
mentation is crucial. Novel numerical methods, as presented in this
paper, are a mandatory step in the careful design of SDH.
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