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HIGHLIGHTS

o Integration of a SHIP system with copper slag packed-bed TES

e Dynamic simulation and analysis of the system's main variables

e System performance assessment and control improvement

e Techno-economic analysis of the entire system and carbon savings

o SHIP system with TES presents a payback of 14 years and annual savings of 30 tCO2

ARTICLE INFO ABSTRACT

Keywords: Decarbonising the industrial sector is a key part of climate change mitigation targets, and Solar Heat for In-
Thermal energy storage dustrial Process (SHIP) is a promising technology to achieve this. However, one of the drawbacks of SHIP systems
Packed-bed

is that they rely on an intermittent energy source. Therefore, sensible energy storage has emerged as a potential
solution. In addition, solid byproducts have been proposed as a low-cost but effective material for thermal energy
storage (TES). This work presents a SHIP system model coupled with a copper slag-packed-bed TES (PBTES)
model using air as heat transfer fluid. The TES has been implemented to preheat the makeup water of the tank
where steam is generated. A system design was carried out using a parametric analysis to find a solar field size
and a corresponding TES volume. The resulting system was simulated, and the operating variables were analysed
in detail. The results show that it is possible to generate 20% more energy due to the storage system. Addi-
tionally, a techno-economic analysis indicates that the SHIP with PBTES system results in a payback period of 14
years and a savings of CO, emissions of 30 t CO,.

Copper slag

Dynamic simulation
Techno-economic assessment
Solar process heat

industrial sector.

Solar thermal energy is a promising solution for decarbonizing in-
dustrial processes. In Ref. [2], the authors discuss solar heating for in-
dustrial processes (SHIP) and outline the leading countries that use it on
a large scale. SHIP's integration strategies are reviewed in Ref. [3]. It
covers integration points, aspects of solar collectors, installed capacity,
and thermal energy storage (TES) volume. The authors compared inte-
gration locations of SHIP for different sectors to determine the most used

1. Introduction

By 2021, the industrial sector accounted for 30% of global energy
consumption, of which 63% came from fuels such as natural gas [1],
which is mostly used to supply energy in the form of heat to processes. In
addition, heat in the medium temperature range (150 C - 400 'C)
represents an opportunity to reduce the carbon footprint of the

Abbreviations: DNI, Direct Normal Irradiance; IAM, Incident Angle Modifier; ISG, Indirect Steam Generation; KPI, Key Performance Indicator; PBTES, Packed-Bed
Thermal Energy Storage; SHIP, Solar Heat for Industrial Process; TES, Thermal Energy Storage.
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Nomenclature 1o Optical efficiency
0 Angle ()
A Area (m?) p Density (kg/m®)
Cl Cleanliness factor )
Crin Minimum heat capacity rate (W/K) Subscripts
E Energy (J) st gbsorbzd
eff Effectiveness em eman
h Specific enthalpy (J/kg) exch Tub.e exchanger
h, Volumetric heat transfer coefficient (W/(m*K) ) f Fluid
k Thermal conductivity (W/(m-K)) gen Generateﬁ
m Mass flow (kg/s) ffX Ei?;iic anger
N, Number of modules
Pmd Pressure (Pa) ;c;s f;;\lflilr;ril;rrllent or reference state
Q He.at rate (W) L Longitudinal plane
s Thickness (m) M Tank material
T Temperature (K) mw Makeup Water
t Time (s) . 5 sf Solar field
U Overall heat transfer coefficient (W/(m?K)) st Steam
VA Utilisation factor T Transversal plane
Greek symbols
€ Void fraction
ch Table 2
T, Mg Thermal properties of the thermal energy storage material.
T, ’ 4 Parameter Value
g Cp. 185 1400 J/kg-K
PrEs 3700 kg/m®
= ks 2.1 W/mK
: Average Rock Diameter 0.02m
Fresnel collectors' solar field e 0.4

m

Pump 1

Fig. 1. SHIP system diagram in ISG mode.

Table 1

Linear Fresnel Collector module characteristics and properties.
Property Value
Aperture Area 26.4 m2
Optical Efficiency at Normal Incidence Angle 66.7%
Absorber Tube External Diameter 70 mm
Absorber Tube Thickness 2mm
Glass Cover External Diameter 125 mm
Glass Cover Thickness 3mm

Pressurised Water
1.65 kg/s

600 mm / 2.04m
North-South

Heat Transfer Fluid

Water Mass Flow

Kettle Reboiler Diameter / Length
Field Orientation

Field Azimuth 32°
Longitude 39.958°
Latitude —0.074°

integration point for a particular operation. For instance, in Ref. [4], the
authors conducted a study on flat plate and vacuum tube collectors in-
tegrated into an absorption heat transformer for industrial process heat
within a temperature range of 80°C to 160" C. Furthermore, Valenzuela
et al. [5] performed a research study on the integration of a small-scale
Concentrated Solar Power (CSP) parabolic trough system to deliver heat

to the Chilean industrial sector via direct steam generation. Frein et al.
[6] presented a model for a SHIP system installed at a pharmaceutical
industry, where the simulations results are compared to monitoring data
from the SHIP installation. The FRIENDSHIP [7] and SHIP2FAIR [8]
projects have demonstrated the potential of SHIP systems to deliver heat
for the agro-industrial processes within a medium temperature range of
200°C and 300°C. Furthermore, the aforementioned projects have
demonstrated the techno-economic feasibility and user-friendliness of
the technology.

Although SHIP systems represent a viable option for the decarbon-
isation of the industry sector, they depend on an intermittent source of
energy and are subject to weather conditions. Consequently, a TES
system is required to store energy and compensate for the periods when
there is no energy resource available. In Ref. [9], the authors analyse the
optimal integration of latent TES in solar heating and cooling for an
industrial process. The series and parallel coupling of the TES system
with dynamic simulations is evaluated, including transient events such
as clouds and start-ups. The study concludes that connecting the TES in
series represents the optimal configuration for a cost-effective and
straightforward solution.

Kanojia et al. [10] discuss the development of packed-bed TES
(PBTES) in the context of concentrated solar power (CSP) plants. Seyitini
et al. [11] reviewed solid-state sensible TES systems, considering nu-
merical and experimental investigations that evaluated the systems'
thermal performance and environmental impact with respect to
different design parameters. In Ref. [12], the authors review PBTES
systems for low-temperature solar applications based on sensible heat.
The analyses are both experimental and numerical, and energy and
exergy efficiencies are considered. The authors also discuss the
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Fig. 2. SHIP and TEs model integration diagram.

Table 3
Control parameters for the storable energy simulation.
Parameter Value Unit
Maximum Pressure 8 bar,
Minimum Pressure 7 bar,
Maximum Operating Temperature 180 e
KPIsurpIus
> D
“ 1\[ 171()('Ul/t’l
Q gen |

to ti

Fig. 3. Graphical example of the key performance indicators.

economic feasibility of these systems and compare them with latent-
based systems.

Ref. [13] thoroughly reviews the research on latent-based PBTES
considering spherical phase change material encapsulation. The study
focuses on optimal design, highlights the applications, and discusses the
challenges of such technology. Furthermore, in Ref. [14] the authors
experimentally analyse and optimises a cascade latent PBTES system
with spherical capsules, offering useful guidance for the design and
applications of such systems.

Furthermore, Ref. [15] analyses single- and double-pass PBTES

Table 4
Corresponding storable energy for each solar field size.

Solar field size Storable energy (MJ)

6 modules 342.1
8 modules 986.5
12 modules 2412.2

systems, evaluating the impact of bed material and geometrical pa-
rameters on the system performance. In Ref. [16], the authors present a
laboratory-scale packed-bed cylindrical TES that uses waste materials,
which may represent a low-cost and sustainable alternative for TES in
SHIP. In Ref. [17], the authors investigate PBTES composed of alumina
particles with steam and air as heat transfer fluids. They report experi-
ments with different mass flow rates and discuss their impact on heat
transfer and heat loss. Additionally, Ref. [18] uses a quasi-one-
dimensional transient model to assess the effect of operational and
design parameters on the performance of thermocline PBTES using rocks
and high-temperature air. The study reports overall efficiencies above
95% for all cases investigated.

Meanwhile, Ref. [19] explores the thermal performance and eco-
nomic feasibility of an indirect solar dryer integrated with a PBTES
system. The study evaluates the wood drying process through dynamic
simulations, demonstrating a reduction in drying time and improved
economic feasibility by integrating the TES system. Ref. [20] presents
the performance of a solar dryer with a PBTES. The study evaluates the
TES potential by focusing on energy consumption and exergy-
sustainability indicators, including experiments showcasing operation
in off-sunshine hours.

A comprehensive SHIP model is presented that is both simple and
precise, allowing for integration with various components. The solar
thermal system consists of linear Fresnel solar collectors and a balance of
plant that includes a kettle reboiler. The main thermal inertia in the solar
thermal model is in the kettle reboiler, which has been dynamically
modelled. Additionally, this study also includes a PBTES. Although
latent-based TES devices have been drawing attention [21], a sensible
PBTES was chosen in this study, seeking to exploit copper slag as filler
material. As a byproduct of copper ore processing, besides having a
much lower cost than conventional materials used in TES applications,
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Table 5
Packed-bed volume as a function of the makeup water temperature and solar
field size.

6 modules 8 modules 12 modules
m3
Vazo-c 0.5 1.4 3.3
Vassec 1.2 3.4 8.3
Vazooc 2.2 6.3 15.3
Table 6
Summary of the parametric study variables.
Parameter
Solar Field Size 6 modules 8 modules 12 modules
TES Volume (m®) 0.5 4.7 15.3
Makeup Water Temperature (' C) 20 45 70
Heat Demand (kW) 70

copper slag is abundant, readily available, and presents interesting
thermophysical properties. Moreover, the modelling for the sensible
PBTES used was previously presented in Ref. [22], considering the in-
teractions between the heat transfer fluid and the packed-bed material
as a 1-D transient.

This study contributes to the existing literature by presenting an
integrated SHIP system for Indirect Steam Generation (ISG) coupled
with PBTES system, which allows for the dynamic simulation and in-
depth analysis of the system's main variables. Furthermore, the design
and performance analysis of a SHIP system coupled with a copper slag
PBTES were conducted. The packed-bed model was integrated with the
SHIP model to preheat the makeup water of the kettle reboiler. A
parametric analysis was performed to design and size the solar field and
storage volume. Moreover, two main performance variables (air and
makeup water flow rates) were identified as key in the system control
and improvements were implemented with respect to said variables. The
dynamics and performance of the final integrated system were analysed
in depth, showing that proper adjustment of the air mass flow and
makeup water flow allows for the system's steady and continuous
operation, even on days with low irradiance. Furthermore, a techno-
economic analysis was conducted considering the system's size, com-
ponents, the energy generated, and the resulting savings in natural gas
consumption and CO, (emissions)

2. Methodology
2.1. SHIP model description

The SHIP system model was developed by creating a set of
Differential-Algebraic Equations (DAEs) that represent the physical
behaviour of the system's components. MatLab [23] was chosen as the
programming environment due to its built-in libraries and solvers for
DAE systems. The employed DAE solver is variable-step, thus enabling
the time step to be automatically adjusted during the simulation in order
to enhance the accuracy of the results. This work presents the modelled
SHIP system, which consists of a shell and tube heat exchanger known as
a kettle reboiler, a modular Linear Fresnel Collector solar field, a pri-
mary circulation pump, a steam extraction valve, and a makeup water
pump, as shown in Fig. 1. The SHIP system operates in ISG mode. In
Fig. 1, T; denotes the inlet temperature of the solar field, and T, rep-
resents the outlet temperature. The fluid properties throughout the
system model were calculated using REFPROP [24].

Thus, the SHIP system is divided into two circuits: the primary cir-
cuit, where a heat transfer fluid (HTF) absorbs heat in a close loop
through the solar field, and the secondary circuit, which is the steam
extraction side. The system is designed to produce heat at medium-range
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Fig. 4. Direct normal irradiance of the chosen days for the parametric study on
summer (a) and winter (b).

temperatures, i.e., from 150 “C to 300 "C.

2.1.1. Solar field model

The study uses an existing experimental solar field as a reference.
The solar field consists of modular linear Fresnel collectors, whose de-
tails are specified in Table 1. The aperture area given in Table 1 refers to
the area per module. The modularity of the solar collectors allows for
flexibility in the design of the solar field and integration into the in-
dustrial process.

To calculate the incident heat (Q,.) on the absorber tube of the solar
collectors, an Incidence Angle Modifier (IAM) model was used, taking
into account the number of modules (N,,,0q), the aperture area (A), Cl that
represents the cleanliness of the reflective surface, and the Direct
Normal Irradiance (DNI). [25]The longitudinal and transversal compo-
nents of the linear Fresnel solar collector are represented in Eq. (1) as
IAM; and IAMr, respectively, extracted from Ref. [25].

Qinc = Nlg"IAMy-TAM;-Cl-A-Nipoq-DNI )

The absorber tube's heat losses were computed using Egs. (2) and (3),
which assume a similar behaviour to that of a Eurotrough collector with
Schott absorbers [26]. Therefore, the amount of heat lost depends on the
DNI incident on the solar field and the length of the absorber tube. It is
important to note that 6;,. in Eq. (3) represents the solar incident angle.
In this study, AT was calculated by determining the temperature dif-
ference between the inlet temperature of the solar field and the ambient
temperature.
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Fig. 5. Parametric analysis results on the makeup water flow rate and solar field size considering different TES volumes for summer (a) and winter (b).

loss (VEV) =0.00154-AT* 4 0.2021-AT — 24.899 + B 2
. DNI
B = (0.00036-AT? 4 0.2029-AT + 24.899) - =——-C05(6inc ) €)

900

The absorbed heat is then calculated using Eqgs. (4) and (5), where Iy
represents the length of the solar field in meters.

Qabs = Qinc - qloss'lsf @

Qaps = M-Cy-(T2 — T1) %)

2.1.2. Kettle reboiler model
The heat absorbed by the solar collectors, as expressed in Eq. (5), is

transferred to the kettle reboiler through a tube heat exchanger inside
the tank. The pressure of the tank is maintained at a set level by opening
the steam extraction valve located downstream of the kettle reboiler.
The liquid water level inside the kettle reboiler is maintained by acti-
vating a makeup water pump. The model for the kettle reboiler considers
it to be a horizontal cylinder. The two-phase fluid inside the tank is
assumed to be in thermodynamic equilibrium at every time step, as
studied in Ref. [25]. The properties of the two-phase fluid inside the
kettle reboiler are determined by calculating its density (p) and specific
internal energy (u), taking into account the inertia of the metal mass of
the tank (Mj). Eq. (6) represents the variation in density of the two-
phase fluid, which is dependent on the inlet and outlet mass flows and
the volume of the tank. In Eq. (7), QHEX is defined as the heat transferred
from the shell and tube heat exchanger into the fluid inside the kettle
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Fig. 6. Total energy generated by the system divided by the contributions of the solar system and the packed- bed in summer (a) and winter (b).

reboiler, whereas Q,omm represents the heat loss to the environment
along its surface. Eq. (8) represents the total internal energy of the kettle

reboiler (Eyqx), which considers the shares of the two-phase fluid and the
metal mass.

dp _ 3" Min — 3 Mow

dt Viank ©®

B _ A (b ) = > Mowrhow | — Q ™
dt HEX in *'lin ut “out oss, tank

Etank = qumku +MM'Cp.M'TM (8)

The heat loss of the tank has been modelled employing a one-
dimensional heat conduction on a cylinder wall [27].

Quex is calculated using the effectiveness — NTU method for heat

transfer, using the tube heat exchanger model developed in Ref. [28], as
presented in Egs. (9) and (10).

QHEX = effmcp (Tout,solar - Tﬂ) (9)
Q
TuuLHEX = Tin,solar = Loutsolar — mLé); (10)

Where Ty is the temperature of the two-phase fluid inside the tank
and eff is the effectiveness of the tube heat exchanger.

The energy produced by the SHIP system is calculated by integrating
the steam mass flow rate and specific enthalpy at the kettle reboiler
pressure over a period of time, as demonstrated in Eq. (11).

Eyen = / it e (Prane)-dt an
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Fig. 7. Packed-bed utilisation factor. Where the values of Z are shown for: (a) summer cases and (b) the winter cases.

Plug-flow condition of the fluid flowing through the porous medium.
Radial thermal conductivity is neglected.

Uniform temperature on the solid particles.

Thermal capacitance of the storage insulation is neglected, instead is
modelled as a loss term considering an overall heat transfer coeffi-
cient between the fluid near the wall and the thermal insulation (U,,).
e The shape of the rocks is assumed spherical and uniform size.

e Void fraction is constant along the porous medium.

2.2. Thermal energy storage modelling

The thermal energy storage system being considered is a packed-bed
of copper slags confined in a cylindrical tank with air as the HTF flowing
in the axial direction. The model for the system only considers the
development of the thermocline in the axial coordinate and performs
energy balances for the fluid and solid phases. The model described by
Egs. (12) and (13) is the continuous solid-phase model proposed b oT oT 0T
L?ttman et al. [29], with the addition of apsink term topacfount fo}; e (pcp)g (?ﬂ+u7;) = k“’efffzﬂ —hy(Ta = Ts) = UwAu (Ta — T
thermal losses in the fluid's energy balance. This formulation is based on

the model presented by Calder6n-Vasquez and Cardemil (2023) [30], a2)

which includes a detailed validation procedure using data from the T, T,

literature and the correlations for h, k., and U,, employed in the model. (1-¢) (PCP)SE = kHﬂ‘? +hy (Tﬂ - TS) 13)
The main assumptions for the continuous solid phase model are listed as

follows: where the subscripts s, f, and oo refer to the solid, fluid, and surround-
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ings, respectively. The temperature T is a function of time t and the axial
coordinate of the TES z. The void fraction of the porous medium, ¢, is
assumed to be uniform along the packed-bed. The density, thermal ca-
pacity, and effective thermal conductivity of the phases are represented
by p, ¢y, and k., respectively. The volumetric heat transfer coefficient h,
models the convective heat transfer caused by the temperature differ-
ence between fluid and solid. The interstitial fluid moving at velocity is
represented by u. Thermal losses to the surroundings are modelled
through the overall heat transfer coefficient U,, with a specific contact
area a,, between the fluid and the storage walls.

The Method of Lines (MOL) is used to solve the system of Partial
Differential Equations (PDEs). The Finite Differences Method is used for
derivatives with respect to z, resulting in 2N, linear ODEs. The ODEs are
then integrated using the solve_ivp function from the optimization sub-
package of SciPy [31], programmed in Python [32].

The properties of the copper slag used in this study, reported in

Qexch = eff exch*Cnin® (Thigh - Tlow)

Ref. [22], are displayed in Table 2.

2.3. Integrated system description

The copper-slag-PBTES has been implemented to preheat the
makeup water of the kettle reboiler. This water could be low-
temperature water from processes condensate or from the water main.
The integration scheme was chosen because it is the point in the system
where there is a higher temperature difference. The integrated system
consists of two air-to-water heat exchangers that facilitates the charge
and discharge of the packed-bed. Air has been selected as the HTF for the
packed-bed. One heat exchanger is positioned at the solar field outlet
while the other is located after the makeup water pump.

The TES model was integrated into the SHIP system model using the
compatibility between Python and MatLab. Fig. 2 shows the diagram of
the integrated system model.

2.3.1. System operation and control

The integration method chosen for this system involves two air-to-
water heat exchangers as shown in grey in Fig. 2. The system operates
in three modes: normal, charge, and discharge. During normal mode, the

charge : Cpn = min <rr'12~Cp,27 n'”tui,-Cp‘ai,)

diSCharge : Cmin = min (mmw’Cp.mw: mﬂir‘cp,air>
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total water flow runs through the heat exchanger inside the kettle
reboiler with a mass flow rate of m; = m, thus transferring all the useful
heat absorbed in the Linear Fresnel solar field. The packed-bed remains
idle during normal mode.

During the charging mode, the pressurised water leaving the solar
field is split into two streams: m; enters the heat exchanger inside the
tank and my passes through the air-to-water heat exchanger. The flow
leaving the kettle reboiler and the flow after the air-to-water heat
exchanger are mixed before entering the Linear Fresnel solar field,
resulting in m = my + my. The division of the flow is controlled by the
instantaneous heat generated. This ensures that the heat flow remains
below the maximum thermal power (Qg.n), which is determined by the
heat demand, and the packed-bed stores the thermal energy surplus.
Furthermore, an energy balance is performed to calculate the specific
enthalpy of water at the inlet of the solar field (i.e., h;) as:

m-hy = my-hy +m;y -hs a4

In addition, air enters the heat exchanger with a mass flow rate of
mg;- and specific enthalpy of hg, as shown in Fig. 2, and exchanges heat
with water with specific enthalpy of h, and mass flow rate of m,. The air
exits the heat exchanger with a specific enthalpy of hs and enters
through the top side of the packed-bed to charge the TES device.

Fig. 2 shows that air flows from the bottom to the top of the packed-
bed during discharge mode, and the heat transfer fluid preheats the
makeup water. The packed-bed discharges when the liquid inside the
tank reaches a minimum level (when pump #2 activates). Makeup water
flows through the heat exchanger during packed-bed discharge,
absorbing the heat from the air and increasing its temperature. In this
mode, the mass flow rate in the solar field is m; = m, and the useful heat
absorbed in the solar field is introduced into the kettle reboiler.

The air heat exchanger has been modelled using the effectiveness —
NTU method [27] for calculating heat transfer between the air and the
water. The water and air temperatures are introduced as inputs, and the
minimum heat capacity rate, Cp;,, between both flows is calculated in
each time step. With this information, the heat transfer is calculated as.

(15)

and the model outputs the outlet temperature of both fluids from the
heat exchanger.

2.4. System design

The volume of the packed-bed and the size of the solar field have
been chosen as parameters to design the SHIP system. The solar field size
determines the amount of energy that can be stored in the TES. This is
calculated by integrating the generated energy throughout the day when
it exceeds the required heat demand (i.e., the thermal energy surplus) as:

Estorable = / (Qgen - Qdem) 'dt, lf Qgen > Qdem 16)

where Qg refers to the established heat demand. The storable energy is
calculated utilising the SHIP model considering that:

o all the absorbed heat is transferred into the kettle reboiler.
e steam is generated if the tank's pressure is between the control
pressure limits.
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Fig. 9. Absorbed and generated heat by the SHIP and packed-bed system for the reference and the improved system.

The required volume of the TES is then estimated using the storable
energy employing Eq. (17).

Estomble

17
Pres Cp1as-(1 — €)(Tmax — Trw) N a7

VTES =

The maximum operating temperature of the system for normal
operating conditions, and the makeup water temperature are repre-
sented by Tma and Ty, respectively. ps represents the density and
C, s the thermal capacity of the filler material. Furthermore, a storage
efficiency of # = 0.8 [30] was used to estimate the packed-bed volume.
The diameter of the TES has been estimated based on the aspect ratio of
the diameter and height of the vessel of AR = Hygs/Dres = 1 [22].

This study analyses the viability of various TES volumes and solar
field sizes. Indicators have been established to calculate the energy

generated by the system, the useful energy delivered by the packed-bed,
and the energy storage utilisation for each system size.

The useful energy is described as the energy extracted during the TES
discharge; hence, it is a function of the specific enthalpy difference of the
air flowing from the top to bottom of the packed-bed integrated
throughout the analysed period, as shown in Eq. (18).
Euseﬁil = /mair'(hS - hﬁ)'dt (18)

A variable that quantifies the utilisation of the packed-bed for each
system size has been introduced to choose the optimum volume of the
energy storage system. The utilisation factor Z, described in Eq. (19), is
the ratio of the useful energy delivered by the TES and its designed store
capacity.
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Eysefut 2.5.1. Key performance indicators

Z

19
T )1

Consequently, the factor Z represents a quantification of the uti-
lisation of the packed-bed throughout the operational period for each
system size. This means the number of complete charge/discharge
cycles.

- Pres Vres-Cpes (1 — €)+(Trax —

2.4.1. Parametric study

This study conducts a parametric analysis to investigate the impact of
the TES volume on the corresponding solar field size. The goal is to
determine the most suitable TES volume for a given solar field size.
Table 3 displays the control parameters used. Simulations were carried
out for typical summer and winter days under clear-sky conditions.
Consecutive days were chosen to allow the development of charge and
discharge hysteresis to the packed-bed. Furthermore, the weather con-
ditions data for the model was obtained using a TMY file of the solar field
location.

2.5. Dynamic analysis and operation improvement

After analysing the parametric study results and selecting the system
size, the corresponding control parameters are used to simulate the
system. The dynamic operation of the system is then analysed, and
system variables are adjusted to improve its behaviour and meet the heat
demand without overproducing energy. The proposed operating vari-
ables for modification are the TES circuit's air mass flow rate and the
makeup water volumetric flow.

10

Key performance indicators (KPIs) are proposed to further under-
stand the behaviour of the system. The KPI described in Eq. (20) is
related to the surplus of heat generation. Moreover, a KPI that quantifies
the amount of energy demand that is not covered by the system during
the operating period is shown in Eq. (21). Eq. (22) describes a KPI that
quantifies the energy generated relative to the total energy demand for
the operating period. Additionally, the total useful energy generated
below the heat demand limit is also considered a KPI (Eq. (23)), as
illustrated in Fig. 3.

ti . . .
KPIswplus = / Qgen'dt7 lf Qgen > Qgem (20)
to
KPInocover = Edem - (Egen - Eexc) (21)
ti . .
KPljer = / (Qgen - Qdem> -dt (22)
to
KPIu.seful = Egen — Eexe (23)

2.6. System cost

To conduct the economic analysis of the SHIP with packed-bed
model, certain assumptions were made.

The cost of the Linear Fresnel collar field was assumed to be 300€ /m?
[33]. Furthermore, the analysis includes the cost of the TES system,
which takes account of the construction materials, i.e. the material of the
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Fig. 10. Pressure of the kettle reboiler and extracted steam mass flow for the reference (a) and the improved (b) system.

tank and its insulation. The cost of the copper slag is disregarded in this
study, since it is a waste material, and its potential use is still being
investigated. Therefore, the cost of the packed bed is calculated as
outlined in Ref. [30] as:

C'[ES = Cs[eel'pszeel'vsteel + Cin.s'VirLs (24)

where Cge; = 1.126 €/kg, which is the average specific cost of hot rolled
plate steel from November 2022 to September 2023, obtained from the
world steel prices [34]. The density of steel, py,,;, is 7850 kg/m® [271].
Vieeirepresents the total steel volume required to build the TES tank, and
is calculated based on the diameter of the TES and the wall thickness,
Sseeet, Which can be calculated with the following expression [35]:

Pgir+(Drgs + 2-Sins)

_ 25
Sstecl 2'(gsteel - 0~5'Pair) ( )

11

where Py is the air pressure, oy is the yield strength of steel of
140 MPa [35], and s;s refers to the insulation thickness of 55 mm, which
is based on a reference TES tank installed at a solar thermal laboratory of
the Instituto de Ingenieria Energética (IIE-UPV).

The insulation cost, defined as Cins in Eq. (24), is the volumetric cost
of the insulation material. Microtherm was chosen as the insulation
material for this study. According to Ref. [36], the volumetric cost of
Microtherm in 2018 was 4269 $/m®. However, using Eq. (26) [37] and
the CEPCI index [38], an estimated actual price for the material can be
calculated. In Eq. (26) I is the CEPCI index for the corresponding year, in
which I3 = 603.1 and the preliminary value on November 2023 was
I3 = 789.2. Therefore, the cost of insulation in 2023 is 5158.4 € /m3,
calculated using the conversion rate of 0.923 €/$ at the time of writing.

)

I
Cins 2023 = Cins 2018 (ﬁ (26)

I2018
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Fig. 10. (continued).

The study presents the SHIP and TES system, which requires two air-
to-water heat exchangers. The specific cost of these heat exchangers has
been assumed to be cen = 120 €/kW [39]. Therefore, the cost of the
heat exchangers is calculated as follows:

2 .Estorable .

Cexch = (27)

Leh/dch
The energy stored by the TES, Egyrae, can be calculated employing
Eq. (17). The time required for a charge/discharge cycle (t/q) was
estimated using the dynamic analysis of the system. Additionally, to
incorporate the cost of the fan in the analysis, it is assumed that its cost is
10% of the cost of the heat exchangers.

3. System design
3.1. Design parameters

A parametric study is performed using the collector and tank char-
acteristics described in Table 1. The study employed a number of control
variables, including the size of the solar field and the volume of the
packed-bed vessel. Furthermore, the study analysed the effect of three
different makeup water temperature levels: 30°C, 45 C, and 70" C.

The SHIP model was employed to estimate the potential storable
energy for the different solar field sizes, which were calculated ac-
cording to Eq. (16). The selected solar field sizes and their respective
potential storable energy are presented in Table 4. These estimates were
derived by utilising a proposed heat demand of 70 kW. Therefore, the
potential storable energy represents the energy generated above the heat
demand.

12

Consequently, the TES volume can be estimated using Eq. (17) for
each proposed makeup water temperature level and storable energy.
This yields nine different TES volumes, which are presented in Table 5.
In order to limit the dimension of the study, the maximum, the mini-
mum, and average value of the nine volumes (4.7 m®) were chosen to be
used for each case to be analysed.

The variables that were modified throughout the parametric study
and their proposed values for each solar field size are presented in
Table 6. Consequently, a total of 27 simulation cases were analysed,
comprising three solar field sizes with three TES volumes and three
makeup water temperatures for each size.

The parametric study was performed for a typical summer and
winter 11 consecutive days, including high and low irradiance days. The
days were selected as continuous days with clear-sky and cloudy irra-
diance profile, which could be comparable. Additionally, the simulation
was conducted utilising weather data extracted from a TMY data
sourced from Valencia, Spain obtained from Meteonorm [40], which
comprises hourly data spanning a 365-day year. Consequently, required
input data between hours is dynamically interpolated by the solver.

Fig. 4 (a) and (b) show the Direct Normal Irradiance (DNI) profiles
obtained from the TMY data of the summer and winter days, respec-
tively. The DNI profiles depicted in Fig. 4 (a) pertain to the month of
June, where day 1 corresponds to the 3 of June, whereas those depicted
in Fig. 4 (b) pertain to the month of January, where day 1 corresponds to
the 20 of January.

The use of consecutive days allows the packed-bed thermocline to
have enough charge and discharge cycles to achieve its representative
operating conditions.

A detailed study was conducted on the parametric results regarding
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Fig. 11. Temperatures in the solar field, air, packed-bed, makeup water, and the kettle reboiler for the reference (a) and the improved (b) system.

the useful energy that the packed-bed is able to provide to the system.
During the parametric study, the packed-bed was charged as long as
there was absorbed heat higher than the assumed heat demand, and the
discharge occurred when the makeup water pump was active.

3.2. Parametric study analysis

Fig. 5 displays the total useful energy produced for each solar field
size in both summer and winter cases. In Fig. 5 (a) (i.e., summer case), it
is observed that the greater the TES volume is, the less energy can be
used from the packed-bed. This is because the energy that is injected into
the packed-bed is distributed into more mass; thus, the temperature of
the material does not increase with the same energy provided by the

13

solar thermal system. The same situation occurs in the winter case, as
shown in Fig. 5 (b). Although it would seem that the storage volume of
4.7 m® is the best size, as the makeup water temperature increases, it is
clear that the storage volume of 0.5 m?® is best utilised in terms of the
energy it can deliver.

The difference between the useful energy of volumes 4.7 m® and
0.5m3 is not different in the case of the 12-module solar field, with
makeup water temperatures of 20 C and 40" C. However, this also means
that higher volumes may be oversized for the solar field sizes proposed
in the parametric analysis, as seen in the results of the energy provided
by the packed-bed with a volume of 15.3 m®.

Fig. 6 shows the amount of energy provided by the SHIP system and
by the packed-bed into the final energy generated for each case. During



M.A. David-Hernandez et al. Applied Energy 376 (2024) 124280

180 — 180
e
160 ) I 160 -
140 1 |,/ // [ /_ ’/ 140
TV
A ’ [ ' =
Ci2t | i S0}
2 2
E E
£ 100 g 100 -
v (73
Day 4 & - &
S 80t S 80t -
60 60
40 40
20 | ! i ] i i 2 I 5 i i ; | i j
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
Solar hour (h) Solar hour (h)
200 200
180 F 180
160 - L 160 -
~ 140 [ 140+
) )
o e L
£120 Ll £120
g g
o 153
100 - . 2100 F
Day 5 g g
& s} ) S =
60 — 60 -
40+ L 40 ——— i
2 ; I | | ! ! 20 L | | i !
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
Solar hour (h) Solar hour (h)
— 715 T — 7] —— T} ——— — T
T5 pb, top Tl T3 Tmw kettle

—— 5 T bt —— T2 = ==T4 ——Tinw2

Fig. 11. (continued).

% 120 - glzo F
2100 3100
g g = = -
80 F 8oL
60 60 -
- L L L. L. L...
40 40
20 . . . . . . . ) 2 L L . s s |
108 11 1.2 114 1.6 1.8 12 122 10.8 1 1.2 1.4 11.6 1.8 12 122
Solar time (h) Solar time (h)
(a) (b)
T T T —T T T
5 6 ph.top ph.bottom 1 2
PP { LI PR | | | S _—
3 4 mw mw 2 kettle

Fig. 12. Detailed view of the temperature in the solar field, air, packed-bed, makeup water, and the kettle reboiler of the (a) reference system and (b)
improved system.

14



M.A. David-Hernandez et al.

Table 7
System parameters.
Component Parameter Value Unit
Fresnel collector Rows 2 -
Collectors per row 6 -
Heat exchanger Effectiveness 0.85 -
Packed-bed Volume 0.5 m?
Initial temperature 25 C
Air Mass flow 1 kg/s
Pressure 1 bar,
Control Maximum pressure 8 bar,
Minimum pressure 7 bar,
Heat demand 80 kW
Operating time 16 h
Makeup water Temperature 20 C

summer, the considered volumes deliver similar amounts of energy for
all solar field sizes except when the makeup water temperature is 70" C.
However, during winter, the 0.5 m® volume is beneficial in the 12-mod-
ule system since more heat can be harnessed from the packed-bed.

Fig. 6 shows that the energy harnessed from the packed-bed is similar
in each volume and solar field size. However, because one may observe
that this metric is not sufficient to determine the suitable TES volume
and solar field size, the parameter Z is calculated for each case. Fig. 7
presents the utilisation factor Z for each solar field size and TES storage
volume considering summer and winter days. As observed, the storage
volumes 4.7 m® and 15.3 m® both lead to Z values noticeable lower than
the volume of 0.5 m® on both summer and winter cases. This means that
4.7 m® and 15.3 m® are over dimensioned volumes for the proposed solar
field with the studied makeup water temperatures. Moreover, the 12-
module solar field uses more the TES than the other two solar field
sizes and utilises the packed-bed around three times more in winter.
Therefore, the chosen system is a solar thermal field with 12 modules
coupled with a PBTES of 0.5 m®.

To summarize the results of the parametric study, the combination of
the 12-module linear Fresnel solar field with a PBTES of 0.5 m® was
selected due to the following reasons:

o The energy generated with 12 modules is higher than the cases with a
lower number of modules.

e In winter, the system generates more energy with 0.5m?® of TES,
while in summer the energy generated is similar with the three TES
volume sizes. Furthermore, a smaller TES volume reduces the system
costs.

Table 8
Reference system.

Applied Energy 376 (2024) 124280

Table 10
KPIs of the SHIP system without the packed-bed TES.

Day Energy generated (MJ) KPIocover (MJ) KPlgem (MJ)
1 2529 1068 —1351
2 2479 1120 —1403
3 1754 1845 —2128
4 2030 1571 —1854
5 2363 1238 —1522
> 11,154 6842 —8258

e This combination delivers the highest utilisation factor in all the
simulated cases. Consequently, more useful energy is extracted in
each charge/discharge cycle.

o The oversizing of the solar field allows for the excess heat generated
to be stored and subsequently utilised when solar resource is lacking.

4. Dynamic analysis of the system

A simulation of five consecutive typical summer days was performed
to analyse the system dynamics. The analysis includes charging from
ambient temperature to operating temperature. The heat from the solar
field is transferred into the kettle reboiler when makeup water is
introduced into the tank, and the solar collectors defocus when the
packed-bed is fully charged. The analysis considers the heat exchanger
effectiveness to be constant and based on an existing air-to-water heat
exchanger installed at a solar thermal laboratory of the Instituto de
Ingenieria Energética (IIE-UPV). The heat exchanger's proposed effec-
tiveness falls within the expected range for these devices.

The table below presents the reference parameters for the simula-
tion. The parameter operating time refers to the duration of sunlight: the
total energy demand for this period is calculated using the specified time
period.

Fig. 8 illustrates the daily DNI for the selected days used in the
simulations. Days with both high and low irradiance were selected to
capture the dynamics of the packed-bed operation during charge and
discharge as well as the storage thermocline. Furthermore, the chosen
system size is simulated with all components and initial conditions.

4.1. Improved system description

The parameters controlling the air mass flow rate and the makeup
water flow were adjusted to enhance system performance and reduce
energy waste. A linear control was implemented for the makeup water,
reducing the flow when heat generation is below the heat demand and

Day Energy generated (MJ) KPIgypprus (MJ) KPIse1 (MJ) KPIocover (MJ) KPlierm (MJ)

1 3192 243 2948 649 —689

2 3089 206 2883 715 —-793

3 2078 2 2077 1523 —1804

4 2418 10 2408 1192 —1465

5 2835 57 2778 823 —1049

> 13,612 518 13,094 4902 —5800
Table 9
Improved system.

Day Energy generated (MJ) KPIgyppius (MJ) KPI501 (MJ) KPInocover (MJ) KPlger (MJ)

1 2969 11 2958 639 -912

2 2888 10 2877 721 —994

3 2107 1 2106 1493 —-1775

4 2450 2 2448 1152 —1433

5 2805 6 2799 802 —1080

> 13,218 30 13,189 4807 —6194

15



M.A. David-Hernandez et al.

Table 11
Mass of the filler material and wall thickness of the PBTES for the select volume.

PBTES volume (m3) Storage mass (kg) Wall thickness (mm)

0.5 1850 0.35

Table 12

Annual analysis: Energy demand, gas consumption, and Cost.
Parameter (Annual) Value Unit
Energy demand 467.2 MWh
Natural Gas consumption 519.1 MWh
Cost of natural gas 41,528.9 €

Table 13
Comparison between the system with and without the TES: Energy generation,
gas savings, and investment cost.

Parameter Without TES With TES Unit
Annual energy generation 111.56 119.62 MWh
Gas savings 9916.9 10,633.3 €
Total investment cost 95,040 120,041.4 €
Payback period 12 14 years
Saved CO, emissions 28.1 30.1 tCO,

increasing it when the maximum heat demand limit is reached. This
prevents a drop in the kettle reboiler pressure and consequent reduction
in the steam flow. However, the tank's pressure can also be decreased to
reduce the peaks observed in the previous section. Additionally, the air
mass flow rate was reduced from 1 kg/s to 0.5 kg/s.

4.2. Analysis results

Fig. 9 illustrate the daily heat absorbed by the solar collectors and the
heat generated by the SHIP system for both the reference system and the
improved system. In the reference system, the generated heat remains
within the heat demand limits, but peaks occur when the makeup water
pump is activated. This is due to the energy carried by the makeup water
transferred along with the heat from the solar field. During the operating
period, the absorbed heat decreases at certain points in the simulation
due to the defocusing of the solar collectors when the storage is fully
charged.

Fig. 9 illustrates the significant reduction in heat generation peaks
achieved by the implemented measures in the improved system. Addi-
tionally, on days with low irradiance, the heat generated is more
consistent, with drops only observed during the last hours of sunlight.
Fig. 9 also indicates the moments when the solar collectors defocus. In
contrast to the reference system, the solar collectors remain focused
even during days with low irradiance. It is important to note that the
peaks in the absorbed heat, as observed in Fig. 9, are instantaneous
numerical singularities caused by the rapid change of the system be-
tween operating modes.

The makeup water and the heat from the solar field increase the
pressure inside the kettle reboiler, as shown in Fig. 10. The model cal-
culates the corresponding steam mass flow rate to be at equilibrium,
aiming at maintaining a constant pressure. Each time the pressure is
modified, the model reaches the equilibrium with a higher steam mass
flow rate. However, on days with low irradiance, heat-generated peaks
are lower than those with high irradiance. Furthermore, during periods
of low irradiance, the introduction of makeup water decreases the steam
mass flow rate in contrast to days with high irradiance. The pressure
rises because there is sufficient heat transfer to the makeup water. Also,
although venting excess heat generated (i.e., above the heat demand
limit) is not ideal it is necessary to prevent overpressure in the process
feed system.

By implementing control and adjustment of operating values, the
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pressure inside the kettle reboiler remains constant throughout the
operating period, even on days with low irradiance, as shown in Fig. 10.
Consistency in the pressure of the tank is crucial to maintain a steady
pressure in the customer steam line. Moreover, the extracted steam mass
flow rate is constant and uninterrupted during the heat generation
period.

Fig. 11 illustrates the daily solar field, packed-bed, and makeup
water temperature variation during the operating period — refer to Fig. 2
for the nomenclature and location of each temperature in the system.
The temperatures of the makeup water before and after the heat
exchanger are represented by Ty, and T2, respectively. Ts and Te
denote the air temperature at the top and bottom of the packed-bed,
respectively. The temperatures with the subscript pb refer to the
packed-bed material. The packed-bed undergoes charging and dis-
charging cycles throughout the days, even on those with low irradiance.
In the reference system, the makeup water that follows the heat
exchanger can reach temperatures of roughly 150 'C, as shown in
Fig. 11.

At the end of each day, the system ceases to charge the TES due to an
insufficient temperature difference in the solar field. However, the
packed-bed discharges because the system continues to generate steam,
resulting in a decrease in the water level inside the tank. This causes the
temperature at the bottom of the packed-bed to decrease. Additionally,
the temperature difference between the top and bottom is 83 K on
average, which is caused by the thermal inertia of the material.

In comparison with the makeup water temperature Ty, > of the
reference system, the temperature one in the improved system decreases
according to increasing heat absorbed, as shown in Fig. 11. This is
caused by the effect of the implemented control of the makeup water;
consequently, the results indicate that T, 2 vary throughout the day.
However, during the days with low irradiance Ty 2 is within the same
range throughout the operating period. Compared to the reference sys-
tem, the temperature difference between the top and bottom of the
packed-bed is higher. Moreover, at the end of each day, the temperature
difference between the top and bottom of the energy storage is 87.5 K on
average.

The simulation results for day #2, of both the reference system and
improved system, were selected to analyse the behaviour of different
temperatures in the system.

Fig. 12 shows a detailed view of the temperatures' dynamics,
including the TES charging and discharging processes for day #2 of the
reference system and the improved system.

As expected, the solar field outlet temperature is the highest in both
systems. During the charging cycle, water at the temperature T, enters
the heat exchanger and transfer heat to the air at T. It is important to
note that both water and air exit the heat exchanger at similar temper-
atures. The air flows from the top to the bottom of the TES, so at the
bottom of the packed-bed, the copper slag and the air have similar
temperatures. The temperature of the copper slag at the top approaches
Ts as the charging process progresses.

Moreover, T; results from combining flows at T3 and T4, and Ts is
close to the temperature of the kettle reboiler.

During the discharge process, T enters the packed-bed from the
bottom at a lower temperature than the copper slag, and the air exits the
TES at a similar temperature to the top of the packed-bed. Fig. 12 (a)
illustrates that the makeup water, after passing through the heat
exchanger, reaches a temperature between 144 °C and 157 'C, resulting
in a maximum temperature difference of 137 K. Furthermore, all the
heat absorbed by the solar collectors is transferred to the kettle reboiler,
causing T; to approach the temperature of the tank.

The results indicate that the reference system can generate consistent
heat within the heat demand limits. However, a considerable amount of
energy is considered waste generation when the peaks exceed the heat
demand, and the tank pressure is unstable throughout the operating
period.
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Fig. 12 (b) provides a detailed view of the temperatures during the
same period as the reference system but for the improved system. The
temperature Ty is approximately 90 °C, which is lower than that of
the reference system. In the reference system, the temperature at the
bottom of the packed-bed can reach 160 “C, whereas in this case, it re-
mains below that value. Compared to the charge and discharge tem-
perature profile of the storage in the reference system, Fig. 12 (b) shows
a more linear behaviour in both cases.

4.3. KPIs analysis

The KPIs for the reference and the improved system were calculated
based on the description given in section 2.5.1. The KPI results of the
reference system calculated across the simulated days are shown in
Table 8.

In the same way, the calculation of the KPIs for the improved system
are presented in Table 9.

The total energy generated by the reference system throughout the
simulation days resulted in 400 MJ more than the improved system.
However, regarding the energy surplus, the improved system generates
only 30 MJ, while the reference system generates 518 MJ. This means
that, although the reference system generates more total energy than the
improved system, 518 MJ is surplus, i.e., it is not utilised. Moreover, the
useful energy in both cases is in the same magnitude range. Further-
more, the results indicate that the improved system presented a total no-
cover energy lower than the reference system. A lower no-cover energy
means more useful energy is supplied to satisfy the demand. Therefore,
the system with the control and operation improvements generates more
useful energy, and having a lower air mass flow rate also contributes to a
lower fan requirement.

In addition, the KPIs calculated for the SHIP system without the
packed-bed TES are shown in Table 10. The results show that
throughout the simulated period of five consecutive days, the SHIP
system with the TES generates 18.5% more energy than without the TES.
Moreover, the system with storage covers 30% more of the demand, and
the system generates 20% more energy due to the TES in days with low
irradiance.

5. Economic analysis

The SHIP and TES model was used to perform a yearly simulation,
applying the heat demand conditions, control, and system parameters
listed in Table 7. Additionally, a techno-economic analysis was con-
ducted. Moreover, the yearly analysis was conducted without the TES
system to have a comparison.

The assumed price of natural gas was 0.08 € /kWh, based on the
natural gas price for non-household consumers in Europe reported for
the first half of 2023 [41]. In order to determine the required steel wall
thickness and calculate the associated steel cost, Eq. (25) was employed.
However, upon application of Eq. (25),it was found that sy was
<1 mm, due to the unpressurised nature of the vessel, as presented in
Table 11. Consequently, a sy, of 3 mm was employed, which is a more
realistic thickness to comply with the manufacturing process.

Additionally, a boiler efficiency of 0.9 was assumed [39]. An infla-
tion rate of 0.042 [42] and a discount rate of 0.05 [43] were also taken
into account. Furthermore, operation and maintenance costs were
assumed to be similar to those of parabolic trough collectors, at 5 € /m?
[44]. The calculation was performed for an expected system lifetime of
20 years.

Table 12 presents the results of the annual energy demand and cost of
conventional fuel consumption, based on the conditions outlined in
Table 7.

Based on the storable energy and the estimated charge/discharge
time te/qcn = 2200 s, the air-to-water heat exchangers require a design
thermal power of 90.4 kW.
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Table 13 compares the energy produced, the gas savings, and the
total investment cost of the system with and without the PBTES. Gas
savings were calculated using the annual energy generated by the gas
price, divided by the boiler efficiency. The results indicate that the
system with the TES generates 7% more energy annually and saves 2%
more in natural gas consumption. However, the investment is 26%
higher when using the TES, primarily due to the air heat exchangers. The
payback was calculated for the system with and without the PBTES. The
system without the TES has a payback period of 12 years, whereas the
system with the PBTES has a payback period of 14 years. It is important
to note that the payback period was calculated without considering any
economic incentives, which may improve the payback of both systems.
Additionally, a calculation was performed to estimate the amount of CO,
emissions saved by both systems, using a CO, emission factor of
0.252 kg CO,/kWh [45].

6. Conclusions

This paper presents a model of an ISG SHIP system coupled with a
PBTES model. The TES is integrated to preheat the makeup water of the
kettle reboiler using stored energy. The PBTES model uses air as a heat
transfer fluid and copper slag as filler material. The system model pre-
dicts the dynamics and performance of the complete system, enabling
analysis of the influence of incorporating the PBTES.

The size of the solar field and the volume of the TES were chosen
based on the results of a parametric study conducted for various cases. A
simulation of the system revealed that energy surplus peaks occur when
the makeup water pump is activated on days with high irradiance. To
address this issue, modifications were made to the system parameters,
such as adjusting the air mass flow and makeup water flow. These
control improvements enable the system with the packed-bed to
generate steady and continuous heat throughout the operating period,
even on days with low irradiance. Additionally, the system with PBTES
generated 18.5% more energy during the analysed period.

Furthermore, a techno-economic analysis was carried out, which
indicated that even though the investment in the SHIP with TES system
incurs higher costs than the system without TES, the system enables
more energy to be generated annually, resulting in economic benefits in
terms of natural gas consumption and savings in CO5 (emissions)

As future work, different control schemes could be studied to
improve the system's behaviour. For instance, the TES air circuit could
be used to preheat the pressurised water in the solar field at the begin-
ning of the day.
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