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ARTICLE INFO ABSTRACT

Keywords: Ice storage systems can be used as an efficient cooling source during summer, as well as a heat source for heat
Seasonal thermal energy storage pumps during winter. The non-linear behavior of the heat exchange process in storage makes formulations for
MIQCP

optimizing the design and operation of these technologies complex. In this work, we propose a quadratically-
constrained mixed-integer programming formulation, that can capture the latent and sensible behavior of the
storage and its impact on the delivery of heating and cooling. A building demonstrator integrating an ice storage
device was used as a case study. Monitoring data were used to validate the simplified ice storage model employed
in the optimization. Results showed that the most common optimal storage cycle requires freezing the water
during late winter and when the air temperature falls below 0 °C. Increasing the storage volume increases both
storage efficiency and the amount of free cooling available during summer. For these reasons, economies of
scale can make larger systems more competitive than smaller ones. Storage size and thermal insulation level
affect the duration of the charging and discharging phases. Thermal insulation improves seasonal efficiency and
free cooling significantly. A higher CO, emissions price does not yield significant benefits in terms of emissions
reductions. High investment costs and the seasonal variation in CO, intensity of electricity reduce the economic

Design optimization
Multi-energy systems
District heating and cooling
Latent heat exchange

and environmental competitiveness of long-term ice storage systems, respectively.

1. Introduction

Thermal Energy Storage (TES) denotes a set of technologies that al-
low heat energy to be captured and retained in a medium for later use.
This is particularly important due to the temporal mismatch between
renewable generation and the demand for space heating and cooling.
TESs are commonly classified into three main types depending on the
mechanism that occurs when heat is supplied and released from the
storage [1]. In sensible heat storage systems, the medium changes tem-
perature; in latent heat storage systems, the medium changes phase (e.g.
from solid to liquid and vice versa); and in thermochemical heat storage
systems, the concentration of a solvent in a solution changes.

1.1. Seasonal thermal energy storage systems

Seasonal thermal storage systems are conceived to reduce the tem-
poral gap between periods with high renewable energy available and
periods with high energy demand. In heating-dominated climates, this
means storing renewably-generated heat (typically from solar panels)
or waste heat from cooling operations during summer to be used later
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in winter. Storing the heat for such a long term requires large systems,
normally connected to high investment costs, thus making these large
systems economically attractive when economies of scale can be lever-
aged [2]. The most mature technologies are based on sensible heat
storage, such as tanks, pits, boreholes, and aquifers [2]. Latent heat
storage systems based on Phase Change Materials (PCM) such as salt
hydrates or paraffin waxes, as well as thermochemical storage systems,
show a high potential due to their high energy density, but also a lower
technological maturity and higher risks due to the corrosion, flamma-
bility, and toxicity of these substances [2].

1.1.1. Ice storage systems

Ice storage systems are not subject to these problems since they
employ water as a storage medium, which is an available and envi-
ronmentally friendly medium. The expression “ice storage” commonly
defines thermal storage employing the enthalpy difference of water dur-
ing its phase change from liquid to solid [3]. The high latent heat
of fusion of water results in a higher energy density for this type of
storage compared to water-based sensible storage, leading to smaller
volumes. Since the melting temperature of water is 0°C, ice storage
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Nomenclature

water volume in the storage (%)
efficiency (%)

specific price (CHF /unit)

density (kg/m?)

branch (-)

specific heat capacity (kJ/kgK)
diameter (m)

downstream node/branch (=)
CO, emissions (kg/y)

time steps of optimization horizon (-)
height (m)

latent heat of fusion (kJ/kg)
specific investment cost (CHF/unit)
constant (—)

subset of nodes/branches (-)
node (=)

power (kW)

heat (kJ)

surface area (m?)

sensible heat exchange (0/1)
temperature (°C)

time step ()

melting temperature (°C)

heat transfer coefficient (W/m?K)
upstream node/branch (-)
volume (m3)

y year (=)
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Subscripts and superscripts

av available
bp bypass

cd condenser
ch charge

chill chiller

cool cooling

disch discharge

el electrical

ev evaporator

exp exported

gnd ground

hp heat pump

hs heat source for heat pumps / heat sink of chillers
hx heat exchanger

i ice

imp imported

! lateral

lat latent heat exchange

max maximum

sens sensible heat exchange

st storage

su supply

w water

Acronyms

cop Coefficient Of Performance
MIQCP Mixed Integer Quadratically-Constrained Programming

LCOE Levelized Cost Of Energy
FCR Free Cooling Ratio

SCOP Seasonal Coefficient Of Performance
SEER Seasonal Energy Efficieny Ratio
ASHP Air-Source Heat Pump

WWHP  Water-to-Water Heat Pump

TES Thermal Energy Storage
PCM Phase Change Materials
CAPEX Capital expenditure

OPEX Operational expenditure

systems are used as a heat source during the heating season, to provide
free cooling during summer. Ice storages are normally employed for de-
mand peak shaving rather than seasonal load shifting, and are therefore
limited in size with a clear operation objective [4,5]. This holds partic-
ularly true in applications, such as refrigeration in supermarkets, where
high cooling demands and fluctuation in electricity prices make these
systems economically attractive [6]. They are also employed as longer-
term thermal energy storage devices, as presented in [7], where the ice
storage balances the heat rejected from summer cooling operations and
the heat extracted by a heat pump in winter for space heating.

Research conducted on ice storage systems, generally employed
high-detail models to estimate the performance of such systems. For
example, Carbonell et al. [3] developed an ice storage model based on
a transient one-dimensional energy equation derived along the height
of the storage. The model was coupled to a ground model, which was
solved with a transient heat conduction equation using the ice storage
as a heat source. The validation with experimental measurements of
75 m? ice storage model buried in the ground showed good agreement
in terms of heat extracted from the storage and ground temperatures
above and below the storage. Measured ground temperatures on the
sides of the storage were instead over-estimated by the model. Allan et
al. [8] proposed a simpler model based on three thermal capacitances
using undisturbed ground temperature as a boundary condition. They
used the model to calibrate the heat loss coefficients of two ice stor-
age systems buried in the ground. One of them (the same shown here
in Section 3) showed very high heat loss in the bottom part, probably
due to the effect of a groundwater flow.

One important consideration in designing an ice thermal storage sys-
tem is the size of the storage tank. The size of the tank must be sufficient
to store enough ice to meet a sufficient portion of the cooling demand
during summer, but it should not be so large that it becomes unnec-
essarily costly to be constructed and integrated. Optimizing the size of
the ice tank, together with its expected operation and estimation of re-
duction in operating costs, is therefore crucial to ensure that such an
investment can be fully exploited in the lifetime of the system [9]. The
optimal tank size depends on factors such as the cooling load of the
building, the duration of the peak demand period, the construction and
thermal losses of the tank and the rate at which the ice can be formed
and melted.

Another important consideration is the design of the heat extraction
system, effectively forming the ice, to produce the required amount of
ice in the available storage volume. It is also important to ensure that
the system using ice as a source operates efficiently, especially at times
when other heat sources are less convenient (e.g., when the ambient air
temperature is sub-zero).

1.1.2. Optimization of seasonal thermal energy storage systems
Optimizing seasonal storage design and operation has been the sub-
ject of recent studies. Gabrielli et al. [10] proposed a mixed integer
linear program methodology to optimize the design of a seasonal stor-
age with hourly resolution using typical days. Fiorentini et al. [11], with
a similar objective, formulated a quadratically-constrained problem that
can also model the temperature dynamics of the borehole thermal en-
ergy storage, considering the influence of the seasonal storage size and
temperature on the capacity, losses, heat transfer rate, and efficiency
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of connected heat pumps or chillers. The study showed that the cost of
CO, and the ratio between cooling and heating demand affect not only
the optimal size of the seasonal storage and the amount of solar collec-
tors, but also the optimal temperature profile, i.e., how the operation
should be changed in order to minimize costs and CO, emissions. In a
similar study, the authors introduced a further degree of freedom by al-
lowing heat to flow through a by-pass instead of being extracted by a
heat pump during the winter season [12]. It was found that the by-pass
can only be used for a short time at the beginning of the heating sea-
son, when the average temperature of the boreholes is higher or equal
to the supply temperature of the thermal grid.

Because of phase transitions, ice storage models such as those men-
tioned in Section 1.1.1 are not linear. Therefore, when they are im-
plemented as constraints of optimization problems, ice storage models
are either simplified to state-of-charge models (e.g., [13], [14]) or rely
on stochastic optimization models such as Genetic Algorithms, Particle
Swarm Optimization (e.g. [15]) etc. In the former case, models fail in
reproducing the temperature of the storage when the ice in the storage
is completely melted or completely frozen, i.e., when sensible heat is
exchanged in liquid or solid phase, respectively. In the latter case, the
search space must be limited to define the optimal operation within an
acceptable computation time. Therefore, a global optimum can only be
achieved on a subset of solutions, such as predefined control strategies.
An alternative to these approaches would be to simplify the physical
models without losing their main characteristics (i.e., latent heat of fu-
sion, melting temperature, latent vs sensible heat exchange based on
average storage temperature). A similar approach was followed for the
optimal control of a building with PCM thermal storage [16].

Designing an ice storage would require detailed modeling of the
phase change occurring in the storage, which in turn depends on many
factors such as geometry and layout of the internal coils, diameter and
height of the storage tank, etc. (see for instance [17,18]) and goes be-
yond the objectives of this paper. However, the optimal size of the
storage (nominal capacity) can be determined based on the applica-
tion, i.e., on the boundary conditions (heating and cooling loads, air
and ground temperature, etc.) of the considered case study.

As a summary, the literature shows that there is a need for an opti-
mization framework that can tackle the combined optimization of both
design and control of an ice storage which is meant to be employed to
shift loads at a seasonal scale.

1.2. Research gap and contribution

While the optimization of the design and operation of energy sys-
tems with seasonal thermal energy storage has been the focus of several
recent research efforts, there is a clear gap in the literature on the op-
timization of systems employing ice storage systems, particularly for
seasonal energy storage purposes.

Furthermore, optimal design methods require suitable optimization-
oriented modeling techniques for this type of storage device, which are
also missing in the literature.

This study proposes an optimization approach, based on a quadrat-
ically-constrained mixed integer programming formulation, that can
assist the decision-making on the sizing and operation of a heating
and cooling system integrating an ice storage device, together with an
appropriate optimization-oriented model that describes the most impor-
tant thermal behavior aspects of ice storage systems.

2. Methods
2.1. Optimization problem

The energy hub problem considered in this study is defined through
a set of interconnected nodes and branches, describing the energy sys-

tem. Each node is associated with one of the following node classes:
junction, storage, converter, exchange, load boundary or temperature
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boundary. Each branch is associated with an energy carrier (e.g., heat,
electricity etc). A graphical representation of the generic energy system
with an ice storage studied in this paper is presented in Fig. 1.

2.1.1. Ice storage constraints
To represent the state in which the ice storage is, either in a melt-
ing phase or liquid, a time-varying binary variable s(¢) is employed to
model the two different heat balances occurring in the two phases: if
the average temperature is higher or equal to the melting temperature
Ty, the heat ice storage is operating in its sensible range and s(t) = 1.
Vice versa, when the temperature is lower or equal to the melting tem-
perature, the storage is operating in its latent range and s(f) = 0. This
conditional statement is formulated using a big-M, with the constraints
in Eq. (1):
T(t,ng) 2Ty — M(1 - st)), &)
T(t.ng) <T; + Ms(t)

where n, is the node of the ice storage in the energy hub. The energy
balance of the storage depends on the value of the mentioned binary
variable. When the storage is operating in its latent range, the heat
exchange does not affect the storage temperature T the heat transferred
to/from the storage determines the ratio of water in the storage, e(?),
which can vary between 0 (all ice) and 1 (all water). This process is
modeled in Eq. (2).

T(t.ny) =Ty,

S =0 = 4 pVyh, LR = 5 PG = ¥ P.d)- @
ENy
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u

UAS[(T(I’ nst) - Tgnd)

Where N, and N, are the subsets of upstream and downstream
branches of node n, respectively. As we assumed that once the water
in the storage is completely frozen, ice cannot be cooled further (i.e.,
below 0°C), e(r) = 0 represents the maximum state of charge of the ice
storage, i.e., the state when no heat can be further extracted from the
storage. When ¢(r) = 1, only water is present in the storage, and if heat
is supplied to it, the water temperature increases. This process is pre-
sented in Eq. (3).

et)=1,

T(t.ng)~T(1—Atn,
pwystcp’wwz Y Ptuy— Y P(td)-

sH=1=
ueN, deN,
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To represent the physical limits in heat transfer from the storage,
an upper limit was imposed on the maximum heat flow rate that could
be exchanged by the heat transfer fluid in the storage. Although in ice-
on-coil systems it is common that the thermal resistance increases with
the ice build-up on the coils [19,8], thus reducing the heat transfer in
the latent phase, data from the monitored system at Empa [8] do not
show an appreciable correlation between the heat flow rate during ice
formation and the amount of ice in the storage. This was probably due
to a combination of two factors: (1) the ice storage was generally oper-
ating with low amounts of ice and (2) the bottleneck in heat exchange
was the upstream evaporator of the glycol-to-water heat pump, instead
of the storage. Therefore, a constant value was used to determine the
maximum heat transfer coefficient of the storage, U A,. This resulted in
the definition of two constraints, one for charging and one for discharg-
ing, when the ice storage is in the latent phase, as shown in Equations
(4) and (5).

Y, P.d) SUp A AT, @
deN,
Y Pl < Upe Ay ATy ®)

ueN,,



J. Vivian, P. Heer and M. Fiorentini

Energy & Buildings 300 (2023) 113633

Bgﬂ Heating loads

(Medium Temp)

Power grid

)
L

Air
temperature
Ice storage

9 Air-cooled

chiller Bypass pipe

‘ Cooling loads

[IEI] (Low Temp)

Fig. 1. A schematic of the energy hub including the ice storage.

Again, N, and N, are the subsets of upstream and downstream
branches of node n,, respectively. Some additional constraints are con-
sidered to avoid overestimating the heat rejected in the ice storage
through the bypass pipe. Indeed, the latter depends on the “avail-
able cooling energy” in the storage, which consists of two parts: latent
(Q/41,40) and sensible (Q,,,, ,,) energy. They are defined in Equations
(6) and (7), respectively. The latent residual energy is a function of the
amount of ice in the storage (1 - €(¢)), while the sensible residual energy
is a function of the temperature of the storage T'(¢).

Olara® = piVyhp(1 - €() (6)

Qsens,uu(t) = max{pw V_s'tcp,w(TcooLsu - T(I’ nst))’ O} (7)

Thus, the heat that can be rejected in the storage at each time step ¢
is constrained by Eq. (8):

P(t, ubp) >0 ®)
P(l, ubp) < L(Qlat,au(t) + Qsens,au(t))

= A
where u,, is a “by-pass” upstream branch of the storage, i.e., a branch
that is not connected to a converter such as a heat pump or chiller.
Lastly, two constraints are employed to ensure a cyclical behavior of
the storage, forcing that both the storage temperature and ice level are
equal at the beginning and at the end of the year, as in Eq. (9):
{T(l,nS,) =T(H,n,) ©
e(l)=e(H)

2.1.2. Heat pump and chiller constraints

In the optimization, all heat pumps (chillers) were modeled assum-
ing that the inverse of the Coefficient Of Performance (COP), i.e., the
ratio between the absorbed electrical power and the heat exchanged at
the condenser, is a linear function of the average evaporating (condens-
ing) temperature. The latter is calculated using the heat source (heat

sink) temperature, and its corresponding mean temperature difference.
Therefore, the following holds true for heat pumps:

cop-t = L

=co+c(Ty, — AT,,) (10)
cd

where T, is the heat source temperature, AT, is the mean temperature

difference in the evaporator. For chillers, a similar equation was con-

sidered, where T}, is the heat sink temperature and AT, is the mean

temperature difference in the condenser:

Poy chint

copP!' = =cg+¢;(Th, + AT.,). 11)

Pev.chill
For both heat pumps and chillers, the coefficients ¢, and ¢, can be
obtained using a simple linear regression as a function of the heat source
and heat sink temperatures, respectively. In such a case, AT, and AT,,
are equal to 0 and the constraints can be simplified as shown in (12):
Equations (10) and (11) can be generalized as follows:

P(t,u,) = P(t,d)(cy+c,;T(t,n)) (12)

The latter hold true for time step ¢ and assuming the heat pump
(chiller) corresponds to the ' node of the energy hub, with u,, being
the upstream branch with electricity as an energy carrier, and d being
the downstream branch.

2.1.3. Grid exchange constraints

Some nodes in the energy hub serve as gateways where energy can
be exchanged with the grid. The latter can be e.g., the electricity net-
work if the adjacent branch has electricity as energy carrier, a thermal
network if it has heat as energy carrier, etc. Assuming n is an exchange
node of the energy hub, the imported and exported energy are defined
using the following Equations:

Py, (t,n) = max{P(t,d),0} (13)
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Py p(t,n) =min{ P(1,d),0} a4

The above notation holds true if and only if the power flow in the
downstream branch flows towards the energy hub (i.e., not towards
the node n but in the opposite direction). This way, the imported and
exported energy takes positive and negative values, respectively.

2.2. Optimal design procedure

The energy balance of the ice storage is expressed as a function of
the time-variant binary variable s(r), which turns into multiplying s(z)
by all the other decision variables, i.e., the power rates P(z,b) for all
branches b and times t and the states 7'(¢,n) and ¢(¢) for all times t. This
makes Equations (2) and (3) bilinear constraints. As such, the volume
of the storage can not be a decision variable and is fixed to a predefined
constant value V. Therefore, a set of ice storage volumes have been
defined depending on the cooling demand of the case study building.

2.2.1. Size constraints

The proposed optimization framework is meant to find the optimal
design and operation of the given energy system, represented as an en-
ergy hub. Therefore, the size of all the components has been defined
as:

V(n)> P(t,b)Vt€ H (15)

where V is the size (not necessarily a volume) of the component cor-
responding to node n, and b is the upstream/downstream branch con-
nected to it. In the energy hub considered here, there are only two
components (nodes) that contribute to the investment cost: the ice stor-
age and the air-cooled chiller. As far as the ice storage is concerned, the
volume was considered in a discrete manner - i.e., an optimization run
was performed for each size, determining the optimal size. Therefore,
in each individual optimization, the volume was considered constant as
mentioned in Section 2.2.

2.2.2. Objective function
The objective function of the optimization problem is:

nn nny H
F= 2 VI + DD Ay Prpts 1)+ Ay Py (1) + A (D) Py (1,1) (16)
n=1 n=1 t=0

The optimization problem is formulated as a design optimization,
because it minimizes both the investment costs (first summation in Eq.
(16)) and the operating costs (second summation). However, the ice
storage volume is not a decision variable, as explained above. There-
fore, in the specific problem analyzed in this paper, the sum of the
investment costs is reduced to a single term -the cooling capacity of
the air chiller- and the investment cost for the ice storage was added a
posteriori. The optimization problem is repeated for different volumes,
which are predefined according to the cooling demand of the building.
The results of each optimization are then compared to find the opti-
mal volume of the ice storage including both investment and operating
costs. Since the only exchange node of the energy hub is the connection
to the electricity grid, 4;,, and 4,,, are the prices associated with im-
ported and exported electricity, respectively. The price A, is the cost of
emitted CO, and c(?) is the time-varying CO, intensity of electricity.

Thus, the cost function couples together the CO, emissions and costs
(investment and operational) through the weighting factors 4. and 4,,,.
The thermal performance is implicitly considered, e.g. through the de-
pendence of the COP to the storage temperature, affecting both costs
and emissions.

The optimization problem can be formulated as the minimum of f
subject to constraints (1)-(15). The horizon H is one year, with a time-
step of 8 hours. Such a time step allows the partial capture of intra-day
effects.

The optimization used Gurobi as a solver, because the latter is able
to find a global optimum to Mixed Integer Quadratically-Constrained
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Programming (MIQCP) problems [20]. The mathematical models were
formulated using Python’s interface Gurobipy. The optimization runs
were performed on an Intel Quad Core i7-10510U with 32 GB DDR4
RAM.

2.2.3. Seasonal performance indicators

A set of performance indicators was used to assess the performance
of the ice storage and of the other components of the considered energy
system. The most important one is the Levelized Cost Of Energy (LCOE),
which is directly proportional to the objective function f reported in
Equation (16), which is only divided by the sum of the heating and
cooling loads. LCOE refers to the energy supplied to the building for
both space heating and space cooling. The heat for domestic hot water
production and the electricity for other uses have not been considered
here to facilitate the interpretation of the results.

Other two indicators have been used to assess the seasonal perfor-
mance of the ice storage. Its seasonal efficiency 7, is defined as the
ratio between the heat rejected into the storage via the bypass pipe on
the upstream branch (ubp) and the heat extracted by the water-to-water
heat pump, i.e., the heat flowing through the downstream pipe (d). This
definition has the useful effect of the ice storage (providing “free cool-
ing” to the building) at the numerator and the corresponding energy
cost at the denominator. In fact, extracting heat from the storage has a
cost due to the electricity needed to drive the compressors of the Water-
to-Water Heat Pump (WWHP). Heat gains from the surrounding ground
contribute to an increase of heat that must be extracted from the storage
in order to keep it at the required temperature.

> Pt.uy,)
teH

Y P(t.d)

teH

Mg = 17)

The ice storage in none of the considered sizes is able to cover the
entire cooling demand. Therefore a similar indicator (Free Cooling Ratio
(FCR)) has been introduced to compare the “free-cooling” supplied to
the overall cooling demand of the building:

X P(t.uyy)

FCR=-SH 18)

Z Pcool,dem(t)
teH

3. Case study
3.1. System description

Fig. 2 shows the building demonstrator NEST which was used as
a case study. NEST is a four-storey modular building consisting of a
concrete “backbone” and a variable number of units including offices,
apartments, meeting rooms, work stations, a fitness room etc. Moni-
tored data of outdoor air temperature, heating and cooling demand for
the year 2021 have been used as boundary conditions for the optimiza-
tion described above, and are shown in Fig. 3.

As shown in this Figure, the net demand between heating and cool-
ing was considered, although there are some days in the year (during
spring and late summer) when the considered building has both heating
and cooling demand. The net demand represents the useful energy to
charge and discharge the storage, since simultaneous charging and dis-
charging of the storage was not considered. Such assumption was found
to improve the optimization speed.

The annual energy demands for space heating and cooling amount
to 135.5 MW h/year and 75.7 MW h/year, respectively. During this pe-
riod, there were eight units in operation and the total conditioned area
was approximately 3000 m?. The hourly profile of the CO, intensity of
electricity was provided for Switzerland by Electricity Maps [21].

Three thermal networks supply/remove heat to/from NEST. Dur-
ing the heating season, a medium temperature grid supplies heat at
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Fig. 2. The building demonstrator NEST. © Zooey Braun, Stuttgart.

35 -38°C to the radiant systems and to the Air Handling Units (AHUs).
The same terminal units and the AHUs are supplied with cold water at
6°C during the cooling season. A high-temperature grid supplies heat
for domestic hot water production with supply temperature ranging be-
tween 55 and 60 °C all year long. For sake of simplicity, the heat demand
for domestic hot water production was ignored in this study. A water-to-
water heat pump (WWHP) can extract heat from the low-temperature
grid and supply the heating system at medium temperature. The WWHP
can also extract heat from a 69 m? ice storage using a water-glycol
mixture in a separate circuit. The low-temperature grid can also ex-
change heat (extract in winter and reject in summer) with two borehole
heat exchangers. In this study, the latter were not considered, and an
air chiller was considered as the only alternative to the ice storage to
provide space cooling. This choice was made to obtain general results
that do not depend completely on the case study. The cooling capac-
ity of the air chiller was not set a priori, i.e., it was an output of the
optimization.

Fig. 4 shows the ice storage connected to the low-temperature grid
of NEST: on the left there is a photo taken during construction works,
and on the right there is a photo of the coils inside the storage.
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Table 1

Dimensions of the selected set of ice storage systems.
\% D h S S, S0 S/V
@)  (m) (m) (m?)  (m?) (m?) (m=")
70 5.63 2.81 24.9 49.8 99.5 1.42

140 7.09 3.55 39.5 79.0 158.0 1.13
210 8.12 4.06 51.7 103.5 207.0 0.99
280 8.93 4.47 62.7 125.4 250.7 0.90
350 9.62 4.81 72.7 145.5 291.0 0.83
420 10.23 5.11 82.1 164.3 328.6 0.78
490 10.77 5.38 91.0 182.1 364.1 0.74

3.2. Parameters

The value of the electricity price was assumed to be 4,,, = 0.238
CHF/KW h, which is the average price in the municipality of Diibendorf
(Switzerland) for commercial customers of type C3 (medium-sized en-
terprises with maximum energy consumption 150’000 kW h/year and
maximum peak power of 50 kW according to the open data provided
by the Federal Electricity Commission of Switzerland [22]). The invest-
ment cost for the ice storage includes excavation costs, the concrete
casing and the heat exchangers. Two cost functions were considered:
one proposed by Allan et al. [8] and one taken from the technical re-
port of the Biglce project [23]. The lifetime of the storage was assumed
to be equal to 50 years [24]. The additional costs for insulating the ice
storage were not considered. Seven sizes were chosen, all multiples of
the size of the system installed at Empa - as described in the previous
section. To have comparable systems, it was assumed to keep the cylin-
drical shape and the same ratio between height and diameter, equal to
0.5. Table 1 shows the main geometric quantities that characterize the
selected systems. As the last column of the Table shows, higher volumes
have significantly lower §/V ratios. Thus, it is expected that heat gains
will affect small-sized systems more than big ones.

The specific investment cost of the air chiller was assumed to be
equal to 576 CHF/kW with a lifetime of 20 years, which is a common
assumption for heat pumps and chillers (e.g. [11]). The performance
of the glycol-to-water heat pump which extracts heat from the ice
storage was derived from measured data of the low-temperature heat
pump installed at NEST. The coefficients ¢, and ¢, of the correlation
shown in Eq. (12) were obtained using a linear regression from one-year
data (01/01/2021—-31/12/2021) resampled at a 15-minute resolution, as
shown in Fig. 5.
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Fig. 3. Boundary conditions: outdoor air temperature, ground temperature 3 m below surface, CO, intensity of electricity, heating and cooling loads. (For interpre-
tation of the colors in the figure(s), the reader is referred to the web version of this article.)
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Fig. 4. The ice storage connected to the NEST energy system: construction works (left) and coils inside the storage (right).
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Fig. 5. Regression from measured data of the glycol-to-water heat pump in
NEST.

To facilitate the interpretation of results, the same law has been used
for the air-source heat pump. In this case, the heat source corresponds
to the outdoor air instead of the average temperature in the storage.
The performance of the air chiller was taken from Joe and Karava [25].

A high value of M in Equation (1) was found to be crucial to avoid
numerical issues leading to physically inconsistent solutions where ice
was completely melting in one time step. After a sensitivity analysis,
this value was set to 10*. Two heat transfer coefficients U have been
considered for the energy balance constraints, i.e., Equations (2) and
(3). All results shown in the manuscript refer to a thermally insulated
storage, where U = 0.5 W/(m? K). Section 4.1.3 compares these results
with those obtained by a storage with no thermal insulation. Such a con-
dition is represented by a heat transfer coefficient of U = 2.0 W/(m?K),
due to the thermal resistance offered by the ground around the stor-
age. This value was also used in the model validation in Appendix A. In
Equation (4) we set AT,;,., =10 K and AT,, =5 K based on monitored
peak heat flow rates exchanged by the ice storage installed at Empa.
The maximum heat transfer rate U,, A, has been assumed to increase
linearly with the volume of the storage. For these systems, a linearly
decreasing relationship of the U,, coefficient as the ice level increases
might be more suitable [26]. Although the influence of ice level on the
maximum heat transfer rate in the storage might change the optimal op-
eration strategies of the storage, this simplification was due to the case
study and seems to be reasonable for two reasons. First, the higher ther-

mal resistivity of the ice layer when ice grows is partially compensated
by the higher contact area on the outside of the tube [27]. Second, in
all scenarios, the ice approaches its maximum level at the end of the
winter, when heat loads are low.

4. Results and discussion

This section is divided into three parts. The first one discusses the
effects of storage size, CO, intensity of electricity and thermal storage
insulation on the optimal operation of the system. The second section
deals with the choice of the cost-optimal storage size. In the third sec-
tion, a broader discussion focuses on the impact of our assumptions on
the validity of the results.

4.1. Optimal operation

Figs. 6-8 describe the optimal operation of the energy system, each
using three subplots. The first one shows the evolution over time of the
ice level and average temperature in the storage. The second and third
subplots show the contributions of the Air-Source Heat Pump (ASHP)
and the WWHP to the heating supply, as well as those of the air chiller
and the free cooling provided by the ice storage to meet the cooling

supply.

4.1.1. Effect of storage size

Fig. 6 shows the optimal operation of the ice storage considering
two sizes: 140 m> (twice the volume of the storage installed at Empa)
and 420 m?, i.e., three times bigger. Fig. 6(a) shows the annual pattern
of ice level (black lines) and of the average temperature (red lines) in
the storage, with the dashed lines representing the smaller storage.

It can be seen that the strategy to form ice, i.e., charging the cold
storage, is similar for both sizes: the water is frozen, increasing the level
of ice in the storage, during the second part of the heating season, in
order to provide free cooling during early summer. When the ice is
completely melted, the water is warmed up to exploit residual cooling
energy available via sensible heat exchange. The main advantage of this
strategy is that the frozen storage can be then used in the first part of the
cooling season to provide “free cooling”, thereby saving electricity that
would otherwise be needed to operate the air-cooled chiller. According
to Equations (7) and (8), heat can be rejected into the storage until the
temperature reaches T,,, y,, i-€., 6°C in this case. Above this tempera-
ture, the ice storage can be only used as a heat source for the WWHP.
However, during winter there is no cooling demand and higher water
temperature makes the storage a preferable heat source compared to
the air, as it leads to a higher heating COP. A higher water temperature
also means lower heat gains from the ground, thereby increasing the
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Fig. 6. Optimal operation of ice storage systems of different size: (a) ice level and water temperature patterns; (b) heat flow profiles with a storage volume of 140

m? and (c) heat flow profiles with a storage volume of 420 m?.

storage efficiency. However, excessive use of the WWHP instead of the
ASHP would in turn decrease the temperature in the storage, thus re-
ducing the electricity savings in the subsequent period. Therefore, there
is a trade-off between ASHP and WWHP use during the heating season.
The optimal solution consists in letting the ground warm up the wa-
ter and concentrate the icing periods during the coldest days, when the
outdoor air temperature is below 0°C and ice becomes a warmer heat
source. This behavior can be observed in Fig. 6(b), where the WWHP
operation (orange area) corresponds to the periods with lowest air tem-
perature - see profile in 6(a). The bigger the storage, the longer the
time needed for freezing all the water in the storage, and the higher the
WWHP use in the overall heat supply. This can clearly be observed by
comparing the orange area in Fig. 6(b) and 6(c). For the same reason,
freezing starts slightly earlier when the 420 m? storage is used, i.e., at
the end of November instead of mid December. A few days before the
freezing process starts, the water reaches its maximum value, which is
9.2°C with the smallest storage, and 8.0°C with the largest one. Results
show a decreasing trend of the maximum temperature with increasing
volume. The larger the amount of ice accumulated in the storage, the
higher the FCR (cooling provided by the ice storage out of the overall
cooling demand): only 17.2% for the 140 m? storage, and 48.5% when
its volume is 420 m?3. The seasonal efficiency increases as well from
73.9% to 77.7%, due to the lower S/V ratio. The higher FCR can be
recognized clearly by comparing the red area to the overall cooling de-
mand (red and green) in Figs. 6(b) and 6(c). In both cases (small and big
storage), the ice storage is employed to cover the peak cooling demand,
thus allowing a reduction in the cooling capacity of the air chiller and
its related capital costs. More details on the optimal design will be pro-
vided in Section 4.2. For the case study considered, the optimal solution
is not constrained by Equation (5). In fact, even when the smallest ice
storage is employed (70 m?), the cooling peak load (approximately 40
kW) is lower than the maximum heat transfer rate during the discharg-
ing phase (61.6 kW).

4.1.2. Effect of CO, price

Fig. 7 shows that increasing the cost of CO, emissions does not sig-
nificantly affect the optimal operation of the ice storage. In fact, the
pattern of the ice level shown in Fig. 7(a) is almost the same for a sim-
ulation without a CO, emissions price, and one with a relatively high

price (250 CHF/t). However, two differences can be observed in the
second part of the year, when ice in the storage has melted completely
and water is used either to provide space cooling or as a heat source for
the WWHP. When the CO, emissions cost of 250 CH F /t is employed,
the optimization drives the storage towards higher temperatures (con-
tinuous red line in Fig. 7(a)) and the use of the WWHP (orange area
in Fig. 7(c)) increases compared to the case when CO, can be emitted
for free (Fig. 7(b)). In the latter case, the economic optimum consists
in using the water as a heat source when heating is needed during late
September, so that during the following week the water in the storage
is cold enough to provide free cooling. With this strategy, the maximum
water temperature reached by the storage is 9.2°C. Conversely, with a
CO, price of 250 CH F /1, the first heating loads are supplied by the air
source heat pump and the water in the storage is heated by the ground
up to 10.8 °C. The peak temperature is reached during the last week of
November (continuous red line in Fig. 7(a)). Then, water is used as a
source for the heat pump (orange area in Fig. 7(c)). This result is also
due to the higher CO, intensity of electricity during the winter months.
With these boundary conditions, it is preferable to have a higher COP
during heating operations instead of providing free-cooling during late
summer. It is worth noting that the CO, savings obtained through such
operational changes are rather small (only 14 kg/year) if compared to
the overall CO, emissions associated with space heating and cooling
of the considered building (7419 kg/y in the baseline case without ice
storage).

4.1.3. Effect of thermal insulation

All the results presented so far refer to a thermally insulated storage
with U = 0.5 W/(m? K). Here we compare this case to the storage with
negligible thermal insulation, i.e., with U = 2.0 W/(m? K). This value
roughly corresponds to the one of the real system installed in the Empa
Campus. Fig. 8 compares the two levels of thermal insulation and shows
how they affect the optimal control policy of the 210 m? ice storage.

The optimal operation differs significantly when the storage is less
thermally insulated. The slope of the continuous red line in Fig. 8(a)
shows that when the ice is completely melted, the ground heats the wa-
ter more rapidly. Although this might appear as a disadvantage because
the ice storage cannot be used as effectively for free cooling, the storage
is used as a ground-coupled water tank during the first part of the heat-



J. Vivian, P. Heer and M. Fiorentini

Energy & Buildings 300 (2023) 113633

100 4 F20
g 7% 15 <
£ v
g I ! 2
a 50 4 B 3-——~=—0-CHFft -10S
- —— 250 CHF/t [7]
9 254 ¢ - s
L CO; intensity £
]
0 1 T T T T T T T " 0 }_
01/01 01/03 01/05 01/07 01/09 01/11 01/01
40 ‘ EEm ASHP Emm Air chiller
= B WWHP  EEE Free coolin
E N M ‘“ ' ]
hs “1..A M
(] 04
2 "
& 20 '
(b)
—40 L T T T T T T T
01/01 01/03 01/05 01/07 01/09 01/11 01/01
40 1 mmm Air chiller 7
S El Free coolin
2 201 9] L
g 0 “ g
z | I
o
a —20 A o "
(c)
_40 A T T T T T T T
01/01 01/03 01/05 01/07 01/09 01/11 01/01
Time

Fig. 7. Optimal operation of a 140 m? ice storage with different CO, prices: (a) ice level and water temperature patterns; (b) heat flow profiles with 0 CH F/t and

(c) heat flow profiles with 250 CH F /1.

100 + Py
O
s L
? 75 1 o
2 504 o -
- -=- U=0.5 W/(m2K) @
Y 254 N ' g
= — U=2.0W/(m?K) G
0 =
01/01 01/03 01/05 01/07 01/09 01/11 01/01
40 Ldl Em ASHP Hmm Air chiller
E sl H”I”" [}, ) ™= WWHP mEE Free cooling
- o) M "
S | n
[e]
a —20 1 kil il 1
(b)
_40 L T T T T T T T
01/01 01/03 01/05 01/07 01/09 01/11 01/01
4041l B ASHP = Air chiller i
E - “ | \”L | W= WWHP  EEE Free cooling v
@ 0 W ﬂ.
2 n
& 20 4 ! '
(c)
_40 L T T T T T T T
01/01 01/03 01/05 01/07 01/09 01/11 01/01
Time

Fig. 8. Optimal operation of a 210 m? ice storage with different thermal insulation: (a) ice level and water temperature patterns; (b) heat flow profiles with high

thermal insulation and (c) heat flow profiles with negligible thermal insulation.

ing season (October and November), which does not occur for systems
with a higher thermal insulation. Moreover, due to the high tempera-
ture reached by the water just before the start of the heating season
(almost 15°C), the WWHP can access an often more convenient source
than the ASHP. This behavior is favored by the ground temperature pro-
file (green line), which reaches its peak exactly in the same period of
the year. Compared to the case with thermal insulation, the ice in the
storage melts faster, due to the higher heat gains from the surrounding
ground. Consequently, the seasonal efficiency of the storage 7, drops
from 71.4% to 37.4% and FCR decreases from 24.8% to 18.0%. Similar
reductions occur for systems of different size. Table 2 shows the same

key performance indicators for all storage volumes considered and for
both thermal insulation levels of the storage. It can be observed that the
trends are similar, and that the biggest storage fulfills only 43.8% of the
cooling demand when the storage is not thermally insulated, compared
to 56.5% of the reference case with thermal insulation. To achieve this
cost-optimal FCR, much more heat must be removed by the storage with
the WWHP. In fact, due to the lower insulation level, the seasonal effi-
ciency drops from 78.4% to 45.6%. This leads to using the WWHP for
longer periods, as more heat must be removed from the storage. As a
result, the ASHP operation is concentrated during periods with higher
air temperature, thus achieving a higher Seasonal Coefficient Of Perfor-
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Table 2

Energy-related annual performance indicators of the ice storage with and with-
out thermal insulation.
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Table 3

Costs and CO, emissions of ice storage systems of different sizes with and with-
out thermal insulation.

U =0.5W/(m>K) U = 2.0 W/(m?K)

U = 0.5 W/(m*>K)

\ SCOP  SEER  FCR SCOP  SEER  FCR

N N v Pt OPEX CAPEX LCOE Eco, AEco,
m? - - % % - - % % m3 kw KCHF/y kCHF/y CHF/MW h kg/y %
0 354 299  0.0% - 354 299  0.0% - 0 41.9 15.9 1.2 80.9 7419
70 359  3.02 9.6%  550% 361 302 61%  29.5% 70 26.7 15.2 2.9 85.7 7165 -3.4%
140 363  3.07 17.2% 71.5% 3.66  3.08  121%  33.7% 140 23.2 14.7 3.5 86.1 6964 -6.1%
210 369 315  24.8% 71.4% 373 313  18.0%  37.4% 210 21.9 14.1 3.9 85.4 6764 -8.8%
280 375 319  327% 757% 377 318  245%  42.6% 280 19.2 13.6 4.1 84.1 6589 -11.2%
350 381 328  40.6% 76.8% 3.90 325  30.5%  43.0% 350 18.8 13.1 4.4 82.8 6418 -13.5%
420 388 334  484% 77.7% 410 330  37.0%  44.0% 420 16.8 12.7 45 81.5 6266 -15.5%
490 397 345  56.5% 78.4% 424 333  43.8%  45.6% 490 16.8 12.3 4.7 80.1 6120 -17.5%
U = 2.0 W/(m*K)
mance (SCOP) compared to the thermally insulated case. Table 2 shows v Penin OPEX CAPEX LCOE Eco, AEco,
3
that SCOP of the ASHP goes from 3.59 to 3.97 when U = 0.5 W/(m? K), m kw kCHF/y  kCHF/y  CHF/MWh  kgly %
and the range increases to 3.61 up to 4.24 when U = 2.0 W/(m? K). The 0 41.9 15.9 1.2 80.9 7419
difference increases with increasing volume, thus partially compensat- 70 33.8 15.4 3.1 87.7 7235 -2:5%
ing for the higher amount of electricity needed to operate storage due 140 338 150 38 593 7074 A%
g gher. ! ctricity toop 8 210 338 146 42 89.2 6922 6.7%
to lower thermal insulation. A similar observation holds true for Sea- 280 33.8 14.2 45 88.6 6755 -8.9%
sonal Energy Efficieny Ratio (SEER) of the air chiller, although during 350 33.8 13.8 4.8 88.0 6644 -10.4%
cooling operations the difference between ice systems with and without 420 338 135 5.0 87.4 6559 -11.6%
490 33.8 13.2 5.1 87.0 6487 -12.6%

thermal insulation is less pronounced.
4.2. Optimal size

Fig. 9 shows the effect of the storage size and of the cost function
adopted for the ice storage on the LCOE. The latter accounts for both
capital and operational cost for space heating and cooling and both
with and without thermal insulation. Colored, continuous lines indi-
cate LCOE of the system assuming a CO, emission price of 125 CHF/t.
As shown in Fig. 7, changing this price does not affect the optimal
operation strategy significantly. Therefore, increasing (decreasing) this
price would only shift the LCOE curve upwards (downwards). The black
dashed line indicates CO, emissions savings compared to a reference
scenario without ice storage.

As far as the LCOE is concerned, the trend is highly dependent on the
cost function used for the ice storage investment. The blue lines refer
to an LCOE calculated using the logarithmic curve proposed by Allan et

al. [8] for the investment cost, whereas the orange lines are calculated
considering a linear cost function as proposed by Carbonell et al. [23].
In the first case, the LCOE increases until it reaches a peak and then de-
creases linearly with increasing volume. Such decrease is linked to the
reduction in the capital cost for the air chiller and, most importantly,
to the reduction in the Operational expenditure (OPEX), as shown in
Table 3. This decrease of the LCOE with increasing size does not com-
pensate the initial investment in case of uninsulated storage -9(a)-,
whereas it does when the storage is insulated, when the biggest size is
employed (490 m?) - see Fig. 9(b). When the linear relationship between
cost and size of the ice is used, a completely different LCOE trend ap-
pears. In this case, the cost savings due to free cooling in summer do not
compensate the Capital expenditure (CAPEX), thus leading to a mono-
tonically increasing LCOE. The reduction in CO, emissions compared to
the reference case without ice storage is approximately 12.5% without
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Fig. 9. Effect of storage size and cost function on LCOE and annual CO, emission savings (a) without and (b) with thermal insulation.
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thermal insulation and reaches 17.5% when the concrete casing is ther-
mally insulated. CO, emissions saved by smaller ice storage systems are
shown in Table 3. While in these graph the CO, emission savings appear
to have a linearly increasing trend in first part with smaller volumes,
it can be noticed that the curve starts to bend with larger volumes, in-
dicating as expected that there is an upper limit to the amount of CO,
emissions an ice storage can actually save, which depends mostly on
the cooling demand and ice storage construction properties.

4.3. Remarks

The results shown in this paper rely on the assumption that the
heat transfer coefficient of the heat exchanger inside the ice storage
is constant. This assumption was made not only because the Empa’s
monitored system does not show a significant correlation between the
ice level and thermal resistance - as discussed in Section 2.1.1, but also
because this would require a higher computational effort. Furthermore,
there are only a few available correlations in the literature, and they
mostly refer to ice storages with different types of heat exchangers [26].

In general, results showed that a good operation strategy consists in
using a heat pump to form ice at the end of the winter to avoid using the
air chiller in the first part of the cooling season. However, results also
showed that the ice storage can be operated differently depending on
its volume, on CO, price and on the level of thermal insulation. Larger
storage volumes lead the cost-optimal operation to start the ice-forming
process earlier in the winter. The length of the icing period depends
on the trade-off between reducing heat gains from the ground (i.e., in-
creasing storage efficiency) and reducing the heat pump’s electricity
expenditure. In fact, storing ice for too long might result in unneces-
sary waste of energy, but it could also be a more efficient alternative to
using the air as a source when the air temperature is below 0°C.

The optimization was formulated with 8-hourly time-step, as this
was found to be the best trade-off between computational effort and ac-
curacy of the results. This means periodical fluctuations were captured
at different scales, at most with daily resolution. The prominent period-
ical use of the storage was at seasonal scale, although some shorter term
use of the storage (weekly) appeared, obviously with a partial charge
and discharge of the storage. For instance, it can be seen in Figs. 6, 7
and 8 that in April and late September the storage was discharged to
supply cold water during warmer Spring or Autumn days.

Results showed that CO, emissions price does not lead to a further
significant reduction in emissions in the considered scenario, probably
due to the seasonal fluctuation in CO, intensity of electricity, higher
in winter than in summer. Therefore, shifting loads from the cooling
to the heating season have a limited contribution in the CO, emissions
reduction aspect. Considering the evolution of energy systems, where an
increased penetration of solar electricity generation that could increase
this seasonal difference is expected, ice storage might play a different
role. While the seasonal benefits might be reduced, its use as a daily
energy storage might become even more attractive.

The previous Section has shown that the optimal size is highly de-
pendent on the ice storage investment cost function used to calculate
the LCOE. Costs may vary depending on the case study, and space
constraints might set an upper bound to the possible storage size. The
operational cost reduction depends mainly on the amount of free cool-
ing supplied by the storage with respect to the cooling demand. In the
case considered, the ratio between heating and cooling loads was ap-
proximately equal to 1.8. The effect of climate on the energy demand
for space heating and cooling seems to be therefore an important aspect
to investigate. Cooling-dominated buildings located in climates with
very cold winters and very hot summers could be the most promis-
ing candidates for an economically sustainable application of long-term
ice storage. Other aspects, such as efficiency improvements during the
heating season (increased COPs during cold winter days) reduce oper-
ating costs further, and can be put in place through appropriate control
strategies that consider long-term system performance.
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5. Conclusions

This paper presented an optimization process for determining the
best sizing and operation of seasonal ice storage systems. The proposed
framework, based on the formulation of a quadratically-constrained
mixed integer programming problem describing the energy system’s
physical behavior, explicitly models the latent and sensible phases of
the ice storage, computing the storage temperature and liquid fraction
to determine the efficiency of the storage and of the connected heat
pump. Despite the increased complexity compared to other state-of-the-
art methods, the proposed formulation could converge to a solution
within a reasonable time, in the order of two hours. Concerning the
optimal operation, results showed that:

 Regardless of the considered storage size, the ice storage is used
to supply free cooling in early summer by melting the ice formed
during the heating season;

It is generally best to form the ice during late winter and when
the air temperature drops below 0°C, as this would result in the
maximum state of charge at the beginning of the cooling season
with the least amount of heat gains reducing the efficiency of the
storage, and having higher COP compared to an alternative air-
source heat pumps.

The ice storage can shave the seasonal cooling peak load, reducing
the capacity of the installed air chiller.

Concerning the optimal design of the storage, two different empiri-
cal cost functions were considered in this study. In this regard, results
showed that:

« Due to the seasonal nature of the storage, and therefore the limited
amount of charging/discharging cycles over the storage’s lifetime,
the reduction in operating costs due to free cooling hardly com-
pensates for the investment costs, at least under current electricity
prices and storage costs. When a logarithmic cost function was em-
ployed, the best size corresponds to the largest volume, due to the
economies of scale. When a linear cost function was employed, the
lowest LCOE was achieved without ice storage, indicating that it is
not a cost-effective technology on a seasonal scale.
For the case study considered, the largest storage yielded an annual
electricity demand reduction of 23.0% for space heating and cooling
combined, and a free cooling ratio of 56.5%. The corresponding CO,
emissions saved were limited to 17.5% due to the seasonal variation
in CO, intensity of the electricity in Switzerland, being lower in
summer compared to winter.

» When the ice storage tank is not insulated, its seasonal efficiency
is drastically reduced, but the year-round operating costs do not
decrease as much. This is because this optimization employs a dif-
ferent operation strategy that partially offsets the higher storage
heat gains and loss of efficiency in providing cooling, by increas-
ing the temperature of the water in winter and therefore improving
the heat pump performance in the heating season.

Future work will focus on comparing the results achieved for the ice
storage solutions with other seasonal thermal energy storage alterna-
tives, such as water tanks, borehole fields, and other latent materials.
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Appendix A. Validation of the simplified ice storage model

Fig. A.1 compares the simulation output of the simplified model
described in Section 3 with measurements taken from the ice stor-
age installed in NEST (see Section 3 for more details) during three
years of operation, between 01/01,/2018 and 31/12/2020. Fig. A.1(a)
shows the heat rejected into the storage (red) during the cooling sea-
son and the heat extracted by the heat pump (blue) during the heating
season, which are both inputs to the model. Fig. A.1(b) shows the ther-
mal response in terms of average temperature of the ice storage model
(continuous line) against the measured one (dotted line). The RMSE
between the temperature profiles over three years is 4.7 K, whereas the
R? is 0.55.

The ice storage is also equipped with a radar sensor for level mea-
surement, installed on top of the storage. The latter measures the dis-
tance d of the water surface from the sensor itself, which changes over
time due to the changing ice fraction in the storage. Since the den-
sity of ice (p; = 920 kg/m?) is significantly lower than that of water
(p,, = 1000 kg/m?), the water surface level increases with growing ice
fraction. Therefore, the sensor distance d decreases as long as the water
freezes. The equivalent density in the storage can be expressed as:

p(1) = pye(t) + py(1 = €(1)) (A1)
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While the volume of water changes over time depending on the ice
fraction, the mass of water in the storage is conserved.

PwVs = p(HAh —d(1))

where h is the height of the storage and V,, is the nominal volume of
the storage - in this case 69 m>.

Replacing the equivalent density p in Eq. (A.2) allows to estimate
the water fraction (thus also the ice fraction) in the storage using the
distance between water surface and level sensor:

(A.2)

N4
m —Pi
Pw = Pi

Fig. A.1(c) compares the ice fraction (1 —¢) calculated with Eq. (A.3)
(dotted line) with that obtained using the ice storage model (continuous
line). The comparison shows that the model is also able to predict the
amount of ice present in the storage.

It is worth noting that some of the mismatches between the model
and the experimental data is due to uncertainty in the measurements.
For example, when the temperature of the storage is above 0°C (e.g.
Jan-2020 to Jul-2020), the measurement reports some ice in the stor-
age, which is likely not present. Furthermore, both the average temper-
ature and the water level profiles could be improved by performing a
calibration test to get a better fit of the parameters of the model.

et) = (A.3)
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