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1 Energy storage and transport system
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Implementation

2 MATLAB/Simulink model implementation

2.1 The canvas (block structure)
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2.2 System parameters

6 const_simulation_variation_type="base";
7

8 const_environment_air_convection_heat_coefficient=5*unit("W/m^2/K");
9 const_environment_air_viscosity=1.715e-5*unit("Pa*s");

10 const_environment_pressure=101325*unit("Pa");
11 const_environment_specific_gas_constant=287.05*unit("J/kg/K");
12 const_environment_specific_heat_capacity_at_constant_pressure=12000*unit("Pa");
13 const_environment_stefan_boltzmann_constant=5.6704*unit("W/m^2/K^4");
14 const_environment_sutherland_constant=111*unit("K");
15 const_environment_temperature=293.15*unit("K");
16

17 const_transport_fan_heating_power=14.5*unit("kW");
18 const_transport_insulation_thickness=0.1*unit("m");
19 const_transport_pipe_air_convection_heat_coefficient=100*unit("W/m^2/K");
20 const_transport_pipe_inner_radius=0.4*unit("m");
21 const_transport_pipe_insulation_thermal_conductivity=401*unit("W/m/K");
22 const_transport_pipe_length=1.5*unit("km");
23 const_transport_pipe_outer_radius=0.5*unit("m");
24 const_transport_pipe_thermal_conductivity=401*unit("W/m/K");
25

26 const_injection_air_specific_heat_capacity=1005*unit("J/kg/K");
27 const_injection_extra_air_volume_factor=0.1*unit("1");
28 const_injection_fluid_thermal_conductivity=0.024*unit("W/m/K");
29 const_injection_fluid_velocity=10*unit("m/s");
30 const_injection_heater_efficiency=0.98*unit("1");
31 const_injection_shape_factor=10*unit("1");
32 const_injection_solid_thermal_conductivity=3.5*unit("W/m/K");
33

34 const_storage_insulation_conduction_coefficient=0.2*unit("W/m/K");
35 const_storage_insulation_emissivity=0.72*unit("1");
36 const_storage_insulation_thickness=1*unit("m");
37 const_storage_material_density=3011*unit("kg/m^3");
38 const_storage_material_grain_size=0.05*unit("m");
39 const_storage_material_porosity=0.367*unit("1");
40 const_storage_material_specific_heat_capacity=900*unit("J/kg/K");
41 const_storage_max_temperature=1273.15*unit("K");
42

43 const_extraction_boiler_pressure=25*unit("MPa");
44 const_extraction_condenser_pressure=10*unit("kPa");
45 const_extraction_pipe_length=10*unit("m");
46 const_extraction_pipe_radius=0.1*unit("m");
47 const_extraction_pipe_thickness=0.0125("m");
48 const_extraction_pipe_material_conductivity=22.5*unit("J/kg/K");
49

50

51 if const_simulation_variation_type=="base"
52 height=25.35*unit("m");
53 radius=12.68*unit("m");
54 const_storage_insulation_area=2*pi*radius*(radius+height);
55 const_storage_volume=pi*height*radius^2;
56 elseif const_simulation_variation_type=="geometry"
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57 % cube instead of cylinder
58 side_length=23*unit("m");
59 const_storage_insulation_area=6*side_length^2;
60 const_storage_volume=side_length^3;
61 elseif const_simulation_variation_type=="volume"
62 % halved volume
63 height=12.68*unit("m");
64 radius=12.68*unit("m");
65 const_storage_insulation_area=2*pi*radius*(radius+height);
66 const_storage_volume=pi*height*radius^2;
67 elseif const_simulation_variation_type=="pressure"
68 % modified pressure
69 height=25.35*unit("m");
70 radius=12.68*unit("m");
71 const_storage_insulation_area=2*pi*radius*(radius+height);
72 const_storage_volume=pi*height*radius^2;
73 const_extraction_boiler_pressure=35*unit("MPa");
74 const_extraction_condenser_pressure=7.5*unit("kPa");
75 else
76 error("Unknown design variation");
77 end
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2.3 The code for the mathematical-physical models

The following sections describe the mathematical-physical background of the Simulink
model. The following table provides an insight into the used constants:

Constant (Environment) Symbol Value

Air pressure Pair 101325 Pa
Air viscosity µair 1.715 × 10−5 Pa · s
Convection heat coefficient hair 5 W

m2·K
Environment temperature Tenv 293.15 K
Specific gas constant R 287.05 J

kg·K
Specific heat capacity at constant pressure cp 12 kPa
Stefan-Boltzmann constant σ 5.6704 W

m2·K4

Sutherland constant µ0 111 K
Constant (Transport) Symbol Value

Convection heat coefficient (within pipes) hpipe 100 W
m2·K

Heating fan power Pfan 14.5 kW
Inner pipe radius rinner 0.4 m
Insulation thickness tinsulation,pipe 0.1 m
Outer pipe radius router 0.5 m
Pipe length lpipes 1.5 km
Thermal conductivity (insulation) kinsulation,pipe 0.2 W

m·K
Thermal conductivity (pipe) kpipe 401 W

m·K

Constant (Injection) Symbol Value

Extra air volume ϵ 10%
Fluid thermal conductivity kf 0.024 W

m·K
Fluid velocity vf 10 m

s
Heater efficiency ηheater 98%
Particle shape factor β 10
Solid thermal conductivity ks 3.5 W

m·K
Specific heat capacity (air) cair 1005 J

kg·K

Constant (Storage) Symbol Value

Insulation conduction coefficient kinsulation,battery 0.2 W
m·K

Insulation emissivity ε 0.72
Insulation thickness tinsulation,battery 1 m
Material density ρbasalt 3011 kg

m3

Material grain size dbasalt 0.05 m
Material porosity ϕ 0.367
Material specific heat capacity cbasalt 900 J

kg·K
Max temperature Tmax 1273.15 K
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The variation-specific constants can be seen listed in the table below:

Parameter Base Geometry Volume Pressure

Boiler pressure (pboiler) 25 MPa 25 MPa 25 MPa 35 MPa
Condenser pressure (pcondenser) 10 kPa 10 kPa 10 kPa 7.5 kPa
Storage surface area (Abattery) 3030 m2 3174 m2 2020 m2 3030 m2

Storage volume (Vbattery) 12805 m3 12167 m3 6405 m3 12805 m3

2.3.1 Injection

Injection is performed by the means of a fan and a heating element acting on a closed
air cycle through the porous storage tank. Due to the non-zero porosity of the storage
material, the following dynamic relations must be used to accurately model convection
within the system. ??

(1 − ϕ)(ρc)s
∂Ts

∂t
= (1 − ϕ)∇ · (ks∇Ts) + (1 − ϕ)q′′′

s + h(Tf − Ts)

ϕ(ρcp)f
∂Tf

∂t
+ (ρcp)f v · ∇Tf = ϕ∇ · (kf∇Tf ) + ϕq′′′

f + h(Ts − Tf )

q′′′ = h · (Tf − Ts)

By rearranging and solving for q′′′, the following volumetric heat flux equation was ob-
tained:

q′′′ =
6(1 − ϕ)

dp

·
(

dp

Nufs · kf

+ dp

β · ks

)−1
 · (Tf − Ts)

The obtained relation for the volumetric heat flux was applied in an iterative manner to
the air-battery cycle, allowing for accurate heat injection modeling. It was observed that
the largest mode of heat loss within the air cycle was through the battery medium itself,
making it possible to simplify the model’s final implementation.

2.3.2 Storage

The storage block is responsible for monitoring the battery’s temperature and elucidate
any possible losses that may occur within the system. The three key methods of heat loss
are conduction, convection, and radiation. The combined equation was concluded to be
the following:

Rtotal = ln router − ln rinner

2πkL︸ ︷︷ ︸
Rcond

+ 1
2πrouterhL︸ ︷︷ ︸

Rconv

+ Tbattery − Toutside

σϵA
(
T 4

battery − T 4
outside

)
︸ ︷︷ ︸

Rrad
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Where the battery’s temperature is calculated as follows:

Tbattery = Toutside + E

Mc

By combining the equations above, the following relation for the battery’s energy change
over time was derived:

Ėstorage = ∆P − Tbattery − Toutside

Rtotal

This formula was integrated within the storage to block to provide continuous feedback
on the storage temperature, required for the injection block to work correctly.

2.3.3 Extraction

The discharge cycle in the model follows a supercritical Rankine cycle complemented
by a low-temperature organic Rankine cycle to increase efficiency. A Rankine cycle is
a thermodynamic cycle extracting mechanical work from a fluid moving between a heat
source and a heat sink, converting thermal energy into electricity in the process. In the
case of our Simulink model, water was chosen as the fluid within the theoretical cycle, as
existing MATLAB libraries for steam tables only account for it.

A Rankine cycle is characterized by four stages: pressurization [1→2], heating [2→3],
cooling [3→4], and condensing [4→1] as seen in the following illustration:

Figure 1: Ideal Rankine cycle

The physical foundation for the Rankine cycle is given by the following equations:

Q̇in

ṁ
= h3 − h2

Q̇out

ṁ
= h4 − h1

Ẇpump

ṁ
= h2 − h1

Ẇturbine

ṁ
= h3 − h4
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Where the efficiency of a cycle is additionally given by the following relation:

η = Ẇturbine − Ẇpump

Q̇in

The computation of the cycle starts at state 1, the outlet of the condenser. As the
condenser pressure is known, the specific volume, the enthalpy, and the temperature of
the saturated liquid can all be determined from steam tables. In order to obtain these
values, the XSteam MATLAB library was used within the project.

The enthalpy at state 2 is computed by adding the enthalpy at state 1 and the pump
work, determined by the following expression:

1 % v1 (specific volume), h1, and T1 (T_fluid) are lookup up from
2 %pre-computed steam tables
3 wpump = v1 * (boiler_pressure - condenser_pressure) / 1e3; % kJ/kg
4 h2 = h1 + wpump; % kJ/kg

To calculate the enthalpy at state 3, the heat flow to the boiler must be determined.
This heat flow is conducted through the piping of the heat exchanger inside the battery,
therefore the formula for conduction within pipes is used:

Q̇ = 2πcrL
Tbattery − Tfluid

t

1 % Calculate h3 from h2 and h_in
2 h_in = Qin_dot / m_dot;
3 h3 = h2 + h_in / 1e3; % kJ/kg

Lastly, the enthalpy at state 4 can be computed via steam tables (obtained from the
XSteam library), making it possible to compute the overall efficiency of the cycle:

η =
ṁ
(
ηgenerator

(
wturbine−wpump

ṁ

)
+ Qout

ṁ
ηorc

)
Q̇in

Where ηorc is the assumed efficiency of the low-temperature, organic Rankine cycle that
is applied to the leftover heat. In the end, the total efficiency is substituted into the
extraction function, yielding the following final extraction power calculation:

1 % Output efficiency needs to be inserted into the given form
2 DExtraction = output_eff / (1-output_eff) * PfromExtraction;
3 PtoExtraction = PfromExtraction + DExtraction;
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3 Model application

3.1 The simulation scenario

The simulation scenario models a wind farm equipped with 12 turbines near a village
in North Brabant, supplying Households in a nearby village with an annual energy con-
sumption of 8.04 × 1013 J.

The challenge to overcome is to save the surplus of wind farm energy produced, and to
distribute it so that it can be used throughout the year when there is a deficiency in the
amount of energy production. After studying multiple forms of energy storage, it was
concluded that given the supply and demand, heat energy storage would be ideal for this
scenario, as it could store large amounts of energy provided by the farm for prolonged
periods of time.

The simulation follows a concept of a thermal battery that utilizes basalt as the storage
medium. The excess energy warms up the battery through an air cycle. The battery’s
heat is used to create supercritical steam that spins the turbines, which supply the town
with electricity when demand outgrows supply, but the battery is charged.
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3.2 Results and interpretation

The results of the simulation are presented through a series of figures that illustrate the
performance of the heat energy storage (EST) system in managing the power generated
by the wind farm. Figure 2 shows the supply given by the wind farm and the demand
from the nearby village. As mentioned above, there are large spikes present in production
with prolonged periods of minimal supply, which is precisely why the heat storage system
was chosen.

Figure 2: Supply and Demand

When measuring the energy stored inside the system, the most convenient way is to
observe its internal temperature. Figure 3 illustrates the temperature profile within the
thermal battery over the simulated year. More specifically, the temperature of the basalt
within the system. This figure further shows that most of the energy is stored over the
spikes within the supply, as the battery heats up the most during these periods.
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Figure 3: Storage temperature

The amount of water flowing through the system increases over time, which correlates with
the energy released during system discharge periods. Figure 4 shows the total cumulative
mass flow in the Rankine cycle of the extraction subsystem of the EST.

Figure 4: Extraction Subsystem Total Mass Flow

Looking at the total efficiency of the system, Figure 5 displays the divisions of how the
supplied energy was stored and pushed to the demand. Currently, all the energy is stored
that exceeds the demand, and only 21% of the requested electricity is bought.
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Figure 5: Energy usage

Having 44% of the total energy delivered from the battery shows its effectiveness. Without
it, the amount of bought energy would effectively triple. This would increase costs for the
residents and raise demand on the grid since this electricity would need to be supplied
by other sources, which are potentially far from the location. Implementing the modeled
battery would solve the design challenge while leaving room for future improvement, such
as increasing the volume when the demand inevitably grows.
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4 Model development reflection

4.1 The Simulink model

What physical parameters in the Simulink model can be varied to study their effect on
the performance of the EST system? For each parameter, indicate the range for which
you have tested your model.
Three key variables of the Simulink model were the geometry, the volume, and the
pressures inside the Rankine cycle. Both cubic and cylindrical tanks were considered,
and it was concluded that a cylindrical tank with a surface area of 3030 m2 would lead
to lower energy losses.
By halving the volume, higher temperatures have been reached within the battery,
increasing the Rankine cycle’s efficiency, however, the overall efficiency was reduced by
15% due to the lower storage capacity. By changing the pressures within the Rankine
cycle the output efficiency was shown to improve, however, the results were too small
in magnitude.

What is the biggest limitation of the current Simulink model? What steps can be taken
to improve the Simulink model w.r.t. this limitation?
The biggest limitation of the current Simulink model is its assumptions about an equal
heat across the entire volume of the cylinder. In real life there would be a different
heat in the bottom than in the top because the heated air will cool when reaching the
top.
In order to improve the Simulink model and include this behavior the following solution
can be implemented. The cylindrical storage tank can be modeled as small slices, where
the temperature is calculated within every slice individually. This way the temperature
in the storage tank is more accurate, and then radiation between the rocks can be
implemented in the model as well. This would result in the heating of the extraction-
subsystem water in the storage tank modeled more realistically.
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4.2 Relation with the validation experiment

Where in the Simulink model did you make use of the physical law studied in the
validation experiment?
The physical law studied as part of the validation experiment was the conduction of
heat within the solid block of the storage tank in Simulink. The experiment verified
the medium- and long-term heat storage and heat dissipation capabilities within the
storage medium itself, while accounting for convection losses. Later in the project, a
modification was made to substitute the solid block of basalt with a porous medium,
ensuring the model resembles the real-world scenario more closely.
The validation experiment allowed cross-validation of assumptions made about the
mechanisms and rate of energy loss within a theoretical, cylindrical-shaped heat storage
tank.

To what extent do the conclusions regarding the validity of the studied physical law
(as discussed in your Standard Operating Procedure) carry over to the real world EST
system considered in your Simulink model? Think for example about the differences in
time and length scales.
One of the main differences between the SOP and the proposed real-world model is the
difference in the materials used in the heat storage tanks. The provided material in
the experiment was aluminum which is different from the porous material chosen being
basalt. This difference creates changes in energy.
Another key difference is the time scale of both models. The validation experiment
was not only executed at a lower temperature (60 ◦C instead of 600 ◦C), but also at a
time scale reduced by several orders of magnitude (300 s instead of 300 × 105 s). These
magnitude differences lead to differences between the model and the experiment. For
example, at higher temperatures, radiation losses become more significant (proportional
to T 4) and scaling time nonlinearly does not preserve the behavior of the losses.
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4.3 Overall process

What is the most important lesson your group learned from the overall model devel-
opment process, including both the Simulink model development and the validation
experiment?
One of the key takeaways from the group project was the invaluability of good code
documentation and clear commit messages. Using concise and descriptive git commit
names allowed our group to improve the Simulink workflow, making it easier to track
the evolution of different parts of the codebase and easily find rollback code when
necessary.
This has been further underscore by the binary nature of the Simulink/MATLAB files,
making commit descriptions necessary to identify the content and/or changes made at
a given stage to the virtual model.
Another key takeaway from the group was the need for a comprehensive elaboration
of how the written code works. The utilization of concise paragraphs in SSAs and
clarifying comments inside the code block themselves make the model understanding a
lot easier.
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