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Abstract

This thesis addresses the urgent challenge of decarbonizing large-scale industrial process heating with
limited available electricity grid capacity. An integrated energy system is developed combining solar heat
generation with thermal storage coupled to a high-temperature heat pump for industrial process heating
up to 150 ∘C. This work involves the development of individual component models capable of high
temperature (100–150 ∘C) operation and the integration of these components into a numerical energy
system model. The model is evaluated for two industrial sectors, Food & Beverage (130 ∘C) and Paper
& Pulp (150 ∘C), under northern and southern European climate conditions. The developed integrated
model is added to the PVMD Toolbox, an advanced modeling tool developed by the Photovoltaic
Materials and Devices research group at TU Delft.

Through dynamic hourly simulations over a full year, the theoretical feasibility of the integrated energy
system has been demonstrated. The thermal efficiency of the solar thermal collectors averages 40% and
50% in Delft and Seville respectively. Significant reductions in peak electricity grid consumption of 70%
and 100% can be achieved for northern and southern European climates respectively. Solar thermal
collector count is the most important performance variable over all scenarios and seasonal heat storage
is essential for peak load reductions in northern European climates. The system can be economically
competitive compared to a natural gas boiler reference (80 €/MWh) in Seville, achieving a minimum
LCOH of 66 €/MWh. For Delft the lowest LCOH is 119 €/MWh, not yet competitive under current
gas prices but considerably less exposed to fossil fuel price volatility.

i



Acknowledgments

I would like to thank my TU Delft supervisors, Rudi Santbergen and Zain Ul-Abdin, for their support,
guidance, and constructive feedback during my thesis. Their support has been integral to both the
direction and quality of this work.

I am also grateful to Emanuele Zanetti for his valuable input in the design of the integrated industrial
energy system, and to Martin Bloemendal and Stijn Beernink for their time and expertise during our
meetings concerning the aquifer thermal energy storage modeling. I would like to thank Annalisa Di
Napoli for sharing her expertise of high temperature PVT modeling. My thanks also go to the wider
PVMD group for their feedback and support throughout the project.

Finally, I wish express my heartfelt gratitude to my family, friends, and girlfriend for their
companionship, encouragement and patience during this thesis project. Their love and reassurance
have been invaluable to my well-being and motivation during these last 8 months.

Use of large language models
During the preparation of this thesis, the author used Claude (Anthropic) to assist with academic
language editing, grammar correction, brainstorming, plotting, and Matlab code debugging. All
technical content, results, analysis, and conclusions are the author’s own.

ii



Contents

Abstract i

Acknowledgments ii

List of Symbols v

Acronyms viii

List of Figures viii

List of Tables xii

1 Introduction 1
1.1 Industrial heating demand and net congestion . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Solar energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Photovoltaic systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.2 Solar thermal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.3 Photovoltaic thermal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.4 Concentrated solar energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Heat pumps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Thermal energy storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 System models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.5.1 Solar energy for industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5.2 Solar energy and seasonal storage . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.6 Research gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.7 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.8 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Overview of the numerical component models 15
2.1 PVMD toolbox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Solar collectors and thermal buffer storage . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 Photovoltaic module - existing model . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.2 Solar thermal - existing model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.3 Solar thermal - modified model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.4 Photovoltaic Thermal - newly developed model . . . . . . . . . . . . . . . . . . . 19
2.2.5 Water tank - newly developed model . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3 Heat pump - newly developed model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.1 Coolprop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4 Heat exchangers - newly developed model . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.5 Aquifer thermal energy storage - existing . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.5.1 Aquifer thermal energy storage - modified model . . . . . . . . . . . . . . . . . . 24
2.6 Hydraulic Pumps ATES - newly developed model . . . . . . . . . . . . . . . . . . . . . . 27
2.7 Electrical battery - newly developed model . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

iii



Contents iv

3 Integrated system 30
3.1 System configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2 Operational modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.1 Mode I: Balanced operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2.2 Mode II: Surplus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2.3 Mode III: Shortage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.4 Heat exchanger temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.5 Electrical energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.2.6 Control strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3 Model inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3.1 Industry demand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3.2 Weather data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4 Validation of the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4.1 Solar collector validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.4.2 ATES validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.4.3 HP system validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4 Results and Discussion 51
4.1 System performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1.1 Configurations 1 to 6 comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.1.2 Simulation highlights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.1.3 Main takeaways system performance . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2 Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2.1 Optimal ST/PV ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2.2 Component quantity optimization . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.2.3 System size heatmap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.2.4 Main takeaways optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3 Economic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.3.1 Optimal configuration economically . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.3.2 Main takeaways economic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5 Conclusion 81
5.1 Summary of key findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2 Final conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6 Recommendations 83

A Chapter 2 94
A.1 Phase change material storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

A.1.1 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
A.1.2 Detailed simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

A.2 Heat Exchanger Area Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

B Chapter 3 103
B.1 Heat Loss through horizontal transport . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

B.1.1 Heat Loss Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
B.1.2 Hydraulic Pressure Loss Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
B.1.3 Impact on System COP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

C Chapter 4 107
C.1 PVT performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
C.2 PVT optimum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112



List of Symbols

Symbol Definition Unit
General parameters

𝐶w Specifc heat capacity of water J kg−1 K−1

Photovoltaic model
𝑃pv Electrical power generated by PV module W
𝑃S Available solar power on module W
𝜂pv Electrical efficiency of PV module –
𝜂pv,ref Reference PV module efficiency at STC –
𝐺 Plane of array irradiance W m−2

𝐺ref Reference irradiance at STC W m−2

𝐺NOCT Irradiance under NOCT conditions W m−2

𝐴mod PV module area m2

𝛽 Temperature coefficient of PV efficiency % K−1

𝛿 Irradiance coefficient of PV efficiency –
𝑇pv Actual PV cell temperature ∘C
𝑇pv,ref Reference PV cell temperature at STC ∘C
𝑇am Ambient temperature ∘C
𝑁𝑂𝐶𝑇 Nominal operating cell temperature ∘C

Solar thermal / PVT collector model
𝜂th Thermal efficiency of ST/PVT collector –
𝜂0

th Initial guess thermal efficiency of PVT collector –
𝜂0 Zero loss efficiency of ST/PVT collector –
𝜂el Electrical efficiency of PVT module –
𝑇in Inlet temperature of ST/PVT collector ∘C
𝑇out Outlet temperature of ST/PVT collector ∘C
𝑇a Ambient outside temperature ∘C
𝑇m Mean temperature of ST/PVT collector ∘C
𝑇 0

m Initial guess mean temperature of ST/PVT collector ∘C
𝑇red Reduced temperature of ST/PVT collector m2 K W−1

𝑎1 First order heat loss coefficient of ST/PVT W m−2 K−1

𝑎2 Second order heat loss coefficient of ST/PVT W m−2 K−2

𝐴c Surface area of the ST/PVT collector m2

𝑁ST Number of ST collectors –

Buffer storage model
Δ𝑇 Temperature change of buffer storage K
𝑄in Heat flow inserted into buffer storage W
𝑄out Heat flow extracted from buffer storage W
𝑀w Water mass in buffer tank kg
𝑇wt Temperature of buffer storage ∘C
𝑇wt,max Maximum temperature of buffer storage ∘C

v



Contents vi

Symbol Definition Unit
Heat pump model

𝐶𝑂𝑃 Coefficient of performance of heat pump –
𝐶𝑂𝑃carnot Theoretical Carnot coefficient of performance –
𝐶𝑂𝑃system System COP including ATES pumping losses –
Δ𝑇HP Temperature lift of heat pump K
𝑇source Source temperature of heat pump ∘C
𝑇sink Sink temperature of heat pump ∘C
𝐴 Temperature-lift coefficient dependent on demand

temperature
K

Heat exchanger model
Δ𝑇hex Temperature change of fluid across heat exchanger K
𝑇pinch Pinch point temperature difference K
ℎhex Specific enthalpy of water leaving heat exchanger J kg−1

ℎvb Specific enthalpy of water in vacuum boiler J kg−1

𝑥evap Mass fraction of water flashed to steam –
𝑄red Reduction in buffer heat demand due to flash evap. J
𝑄source Heat transferred per unit mass of ATES water J kg−1

𝑄delivered Total thermal energy delivered per unit mass J kg−1

𝑊pump Pumping power per unit mass of ATES water J kg−1

𝑀ATES Mass flow rate of water between ATES wells kg s−1

ATES model
𝑅 Annual recovery efficiency of ATES –
𝑅th Thermal radius of aquifer m
𝑅𝑎∗ Modified Rayleigh number for ATES –
𝐴ates Curve fitting coefficient for ATES recovery –
𝐵ates Curve fitting coefficient for ATES recovery –
𝐻a Screen length of ATES well m
𝑘ℎ

𝑎 Horizontal permeability of aquifer m2

𝑘𝑣
𝑎 Vertical permeability of aquifer m2

𝜇 Dynamic viscosity of water Pa s
𝑉in Annual injected volume of water into ATES m3

𝜌w Density of water kg m−3

Δ𝑇aq Temperature change of aquifer K
𝐶ates Thermal capacity of aquifer J K−1

𝑛 Number of ATES well pairs –
𝑉ates Volume of ATES m3

𝑉in Annual injected volume into ATES m3

𝐶w
w Specific heat capacity of water at warm well temp. J kg−1 K−1

𝐶c
w Specific heat capacity of water at cold well temp. J kg−1 K−1

𝐶𝑟 Specific heat capacity of aquifer rock J kg−1 K−1

𝜌𝑟 Density of aquifer rock kg m−3

𝜙 Porosity of aquifer –
𝑇aquifer Temperature of aquifer ∘C
𝑇 w

aq Temperature of warm ATES well ∘C
𝑇 c

aq,max Maximum permissible temperature of warm ATES
well

∘C

𝑇 c
aq Temperature of cold ATES well ∘C

ATES hydraulic model
𝐷 Inner pipe diameter m
𝑄̇ Volumetric flow rate per well m3 s−1

𝑉 Flow velocity in pipe m s−1

𝑊𝑃 Total pumping power W
𝜂pump Pump efficiency –
Δ𝑃hydraulic Hydrostatic pressure contribution Pa



Contents vii

Symbol Definition Unit
Δ𝑃friction Frictional pressure drop in pipe Pa
Δ𝑃total Total pressure drop in ATES pipe Pa
𝑔 Gravitational acceleration m s−2

𝐿ates Depth of aquifer m
𝑅𝑒 Reynolds number –
𝑓𝐷 Darcy friction factor –
𝜖 Pipe wall roughness m

Battery storage model
𝑆𝑂𝐶 State of charge of battery storage –
Δ𝑆𝑂𝐶 Change in state of charge of battery –
𝜂bat Charge and discharge efficiency of battery –
𝐸in Energy flow into battery storage J
𝐸out Energy flow out of battery storage J
𝐶bat Battery capacity J

System energy balance
𝑇D Required industrial process temperature ∘C
𝑄D Industrial heat demand J
𝑄HP Heat extracted by heat pump J
𝑄ST Thermal energy generated by ST collectors J
𝑄surplus Surplus thermal energy available for ATES charging J
𝑊backup Electrical work supplied by backup resistive heater J
𝑊HP Electrical work done by HP compressors J
𝑊P Electrical work done by ATES hydraulic pumps J
𝑊el Total electrical power demand of system J
𝑊grid Net electricity consumption from grid J
𝑊PV Total electrical energy generated by PV collectors J
Δ𝑄 Hourly net thermal energy balance of system J
𝑀steam Mass of steam generated by heat pump kg
𝑥evap Fraction of mass evaporated in valve –
𝐷 Constant dependent on demand temperature ∘C
𝑀ates Mass flow rate between ATES wells kg
𝐿𝑤 Latent heat of vaporization of water J kg−1

Economic model
Eheat Discounted total heat delivered to industry GJ
𝑁 System lifetime years
𝑟O&M Annual O&M cost as fraction of CAPEX –
𝐷𝑅 Discount rate –
𝐸grid Annual grid electricity consumption MWh
𝑃elec Industrial electricity price €/MWh
𝑄industry Heat delivered to industry in first year GJ
𝑆𝐷 Annual degradation rate of solar collectors –



Acronyms

Acronym Definition
ATES aquifer thermal energy storage.
CAPEX capital expenditure.
COP coefficient of performance.
CPVT concentrated photovoltaic thermal.
DNI direct normal irradiation.
ETC evacuated tube collector.
ETS Emissions Trading System.
EU European Union.
FPC flat plate collector.
HEX heat exchanger.
HP heat pump.
HT high temperature.
LCOH levelized cost of heat.
OPEX operational expenditure.
PCM phase change material.
PV photovoltaic.
PVMD Photovoltaic Materials and Devices.
PVT photovoltaic-thermal.
ST solar thermal.
STC standard test conditions.
TES thermal energy storage.
TTES tank thermal energy storage.

viii



List of Figures

1.1 Heating demand Europe for different industry sectors adapted from [1]. . . . . . . . . . 2
1.2 Reduced temperature curves for a variation of solar thermal (ST) collectors adapted from

[2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Flat plate collector on the left and evacuated tube collector on the right[3]. . . . . . . . 4
1.4 Illustration of different layers in a glazed photovoltaic-thermal (PVT) module [4]. . . . . 5
1.5 Schematic of a vapor compression cycle heat pump highlighting the main components [5]. 6
1.6 Illustration of aquifer thermal energy storage (ATES) and Tank thermal energy storage

(tank thermal energy storage (TTES)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.7 Solar-assisted process heating for industry system model [6]. . . . . . . . . . . . . . . . . 10
1.8 Model including solar energy, seasonal storage, and heat pump for residential use [7]. . . 11
1.9 A simplified overview of the components of the energy model. The figure shows how the

heat and electricity generation are integrated with storage and a heat pump to provide
high-temperature (130–150 ∘C) steam to industry. The aquifer thermal energy storage
(ATES) is used as both the source and sink of the heat pump (HP) depending on the
season. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1 Simplified schematic showing how the ST modules on the left are integrated with the
thermal buffer storage on the right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 Flow chart of ST and PVT modeling showing the iterative process which determines the
performance. The left loop is used for the solar thermal collector and the photovoltaic
thermal collector makes use of both loops to determine the electrical and thermal
efficiency of the collector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3 High vacuum insulated flat plate ST collector. . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4 High vacuum insulated flat plate PVT collector. . . . . . . . . . . . . . . . . . . . . . . 20
2.5 Simplified HP schematic highlighting the main components of the TNO and Standard

Fasel prototype. Adapted from Ramirez et al. [8]. . . . . . . . . . . . . . . . . . . . . . . 21
2.6 The COP characteristics of the numerical HP model (orange) are compared against the

𝐶𝑂𝑃carnot characteristics (blue). The actual prototype performance (yellow). . . . . . . 22
2.7 Temperature of heat exchanger integrated with the ATES in two scenarios: Surplus

operation where cold water is pumped from the cold to the warm well and heated through
steam condensation and shortage operation where the ATES is delivering heat to the HP
by pumping water from the warm to the cold well. The reference warm and cold well
temperatures are also presented. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.8 ATES operation in summer (left) and winter (right) showing the temperature ranges and
important well parameters. Adapted from Bloemendal et al. [9]. . . . . . . . . . . . . . 24

2.9 Illustration of water moving up through an ATES pipe on the left and a cross section of
the pipe on the right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.10 Illustration of the individual components into an integrated industrial system. . . . . . . 29

3.1 Schematic diagram of an industrial heating system comprising out of solar collectors (ST,
PVT, and photovoltaic (PV)), an ATES system, heat exchangers, a buffer storage tank,
and a HP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 Configuration 1 (reference): Resistive heater heat generation. . . . . . . . . . . . . . . . 31

ix



List of Figures x

3.3 Configuration 2 (reference): ST heat generation with HP. . . . . . . . . . . . . . . . . . 31
3.4 Configuration 3 (reference): ATES seasonal storage. . . . . . . . . . . . . . . . . . . . . 32
3.5 Configuration 4 (reference): PV electricity generation. . . . . . . . . . . . . . . . . . . . 32
3.6 Configuration 5 (main): Battery energy storage system. . . . . . . . . . . . . . . . . . . 32
3.7 Configuration 6 (main): PVT heat and electricity generation. . . . . . . . . . . . . . . . 32
3.8 Illustration of operational Mode I: Balanced operation. System relies on buffer storage

tank to supply heat and no surplus generation takes place, with buffers storage operating
temperatures constrained by 80 ≤ 𝑇wt ≤ 120 ∘C, while 𝑇D ∈ {130, 150} ∘C. . . . . . . 34

3.9 Illustration of operational Mode IIA: Charging of ATES. Surplus heat from the ST
collectors is used to charge the ATES, with ATES operating temperatures constrained
by 90 ≤ 𝑇 w

aq ≤ 150 ∘C, 40 ≤ 𝑇 c
aq ≤ 100 ∘C. . . . . . . . . . . . . . . . . . . . . . . . . 35

3.10 Illustration of operational Mode IIB: Curtailment ST. Excess heat generation in the ST
collectors is curtailed, where 𝑇𝐷 ∈ {130, 150} ∘C. . . . . . . . . . . . . . . . . . . . . . . 36

3.11 Illustration of operational Mode IIIA: Discharge ATES. The ATES warm well supplies
heat to the HP, with ATES operating temperatures constrained by 90 ≤ 𝑇 w

aq ≤
150 ∘C, 40 ≤ 𝑇 c

aq ≤ 100 ∘C, while 𝑇𝐷 ∈ {130, 150} ∘C. . . . . . . . . . . . . . . . . . . 37
3.12 Illustration of operational Mode IIIB: Backup electrical boiler. Shortage of heat requires

a backup electrical boiler to be used for heat generation, where 𝑇D ∈ {130, 150} ∘C. . . . 38
3.13 Illustrative example of HP compressor and hydraulic pump power consumption during

Mode IIIA operation for 𝑇ATES = 120 ∘C and 𝑇D = 130 ∘C. The compressor power
increases and the pumping power decreases with increased HP temperature lift. . . . . . 39

3.14 coefficient of performance (COP) of a heat pump including hydraulic pumping power
from the ATES. The dotted line shows the COP without hydraulic pumping power. 𝑇D
= 130 ∘C, depth = 400 m. Optimum temperature lifts for varying ATES temperatures
are included. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.15 COP of a heat pump including hydraulic pumping power from the ATES. The dotted
line shows the COP without hydraulic pumping power. 𝑇D = 150 ∘C, depth = 400 m.
Optimum temperature lifts for varying ATES temperatures are included. . . . . . . . . . 41

3.16 Flow chart depicting the control strategy used in this thesis. A clear distinction is made
between the default, surplus, and shortage modes. . . . . . . . . . . . . . . . . . . . . . 42

3.17 The steam demand for the paper & pulp, and food & beverage industries for three days 44
3.18 Monthly weather data Delft. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.19 Monthly weather data Seville. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.20 Hourly weather data Delft for three weeks. . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.21 Hourly weather data Seville for three weeks. . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.22 PV yield simulation results compared against Solargis data. . . . . . . . . . . . . . . . . 46
3.23 Annual ST collector efficiency results compared against literature. . . . . . . . . . . . . 46
3.24 Thermal and electrical efficiency of the PVT collectors for Delft. . . . . . . . . . . . . . 47
3.25 Thermal and electrical efficiency of the PVT collectors for Seville. . . . . . . . . . . . . . 47
3.26 Development of ATES temperatures for three ST collector quantities over a five year

period. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.27 Monthly COP distribution of the HP for the 100,000 ST module scenario using the Paper

& Pulp heating demand profile, and Delft weather data. . . . . . . . . . . . . . . . . . . 49

4.1 Annual grid electricity consumption for different system configurations. Config. 1:
Resistive heater, Config. 2: ST with HP, Config. 3: ATES, Config. 4: PV. Config.
5: Battery, Config. 6: PVT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.2 Annual peak grid electricity consumption for different system configurations. Config. 1:
Resistive heater, Config. 2: ST with HP, Config. 3: ATES, Config. 4: PV. Config. 5:
Battery, Config. 6: PVT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.3 Thermal and electrical efficiency of ST and PV respectively for the Delft Food & Beverage
scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.4 Activation of operational modes for the Delft Food & Beverage scenario. . . . . . . . . . 55
4.5 Temperature of the buffer storage and warm ATES well for the Delft Food & Beverage

scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.6 System COP for the Delft Food & Beverage scenario. . . . . . . . . . . . . . . . . . . . 56



List of Figures xi

4.7 Electricity consumption of Mode I, Mode II, and Mode III for the Delft Food & Beverage
scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.8 Electricity demand, generation and grid consumption in the Delft Food & Beverage
scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.9 Temperature of the buffer storage and warm ATES well for the Delft Paper & Pulp scenario. 58
4.10 System COP for the Delft Paper & Pulp scenario. . . . . . . . . . . . . . . . . . . . . . 59
4.11 Electricity demand, generation and grid consumption in the Delft Paper & Pulp scenario. 60
4.12 Thermal and electrical efficiency of ST and PV respectively for the Seville Food &

Beverage scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.13 Activation of operational modes for the Seville Food & Beverage scenario. . . . . . . . . 61
4.14 Temperature of the buffer storage and warm ATES well for the Seville Food & Beverage

scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.15 System COP for the Seville Food & Beverage scenario. . . . . . . . . . . . . . . . . . . . 63
4.16 Electricity consumption of Mode I, Mode IIA, and Mode IIIA for the Seville Food &

Beverage scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.17 Electricity demand, generation and grid consumption in the Seville Food & Beverage

scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.18 System COP for the Seville Paper & Pulp scenario. . . . . . . . . . . . . . . . . . . . . . 65
4.19 Electricity demand, generation and grid consumption in the Seville Paper & Pulp scenario. 66
4.20 Optimal performing ST fraction for different scenarios. . . . . . . . . . . . . . . . . . . . 68
4.21 System performance for varying collector quantities and scenarios. . . . . . . . . . . . . 68
4.22 System performance for varying ATES well pair quantities and scenarios. . . . . . . . . 69
4.23 System performance for varying battery quantities and scenarios. . . . . . . . . . . . . . 70
4.24 Heatmap Delft Food & Beverage total consumption. . . . . . . . . . . . . . . . . . . . . 71
4.25 Heatmap Delft Food & Beverage peak load. . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.26 Heatmap Seville Food & Beverage total consumption. . . . . . . . . . . . . . . . . . . . 72
4.27 Heatmap Seville Food & Beverage peak load. . . . . . . . . . . . . . . . . . . . . . . . . 73
4.28 Heatmap presenting the levelized cost of heat (LCOH) of the Delft Food & Beverage

scenario for varying system sizes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.29 capital expenditure (CAPEX) Delft Food & Beverage scenario. . . . . . . . . . . . . . . 77
4.30 LCOH as function of discount rate for the Delft Food & Beverage scenario. . . . . . . . 77
4.31 Heatmap presenting the LCOH of the Seville Food & Beverage scenario for varying system

sizes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.32 CAPEX Seville Food & Beverage scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.33 LCOH as function of discount rate for the Seville Food & Beverage scenario. . . . . . . 78
4.34 CAPEX Seville Food & Beverage scenario 100% grid independence. . . . . . . . . . . . . 78
4.35 LCOH as function of discount rate for the Seville Food & Beverage scenario 100%

independence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

A.1 Annual grid electricity consumption for water tank and phase change material (PCM)
thermal buffer storage technologies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

A.2 Annual peak grid electricity consumption for water tank and PCM thermal buffer storage
technologies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

A.3 Weekly and annual storage temperatures for the PCM buffer of 83 ∘C using the Delft
Food & Beverage scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

A.4 Weekly and annual storage temperatures for the PCM buffer of 117 ∘C using the Delft
Food & Beverage scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

A.5 Annual COP comparison for two PCM phase change temperatures using the Delft Food
& Beverage scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

A.6 Annual electrical power consumption comparison for two PCM phase change
temperatures using the Delft Food & Beverage scenario. . . . . . . . . . . . . . . . . . . 98

A.7 Weekly and annual storage temperatures for the PCM buffer of 83 ∘C using the Seville
Paper & Pulp scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

A.8 Three week storage temperature comparison for two PCM phase change temperatures
using the Seville Paper & Pulp scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . 99



List of Figures xii

A.9 Three week COP comparison for two PCM phase change temperatures using the Delft
Food & Beverage scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

A.10 Annual comparison of electrical demand and grid consumption for two phase change
temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

B.1 Thermal losses due to horizontal transport of water through pipes. . . . . . . . . . . . . 104
B.2 Fraction of hydrostatic and friction pressure losses for horizontal transport through pipes. 104
B.3 COP of a heat pump including pumping losses and heat loss for long horizontal transport

distances. The dotted line shows the COP without hydraulic pumping power. 𝑇D = 130
∘C, depth = 400 m, 𝑇 w

aq = 120 ∘C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
B.4 COP of a heat pump including pumping losses and heat loss for long horizontal transport

distances. The dotted line shows the COP without hydraulic pumping power. 𝑇D = 150
∘C, depth = 400 m, , 𝑇 w

aq = 120 ∘C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

C.1 Thermal and electrical efficiency of PVT modules for the Delft Food & Beverage scenario. 107
C.2 Electricity demand, generation and grid consumption in the Delft Food & Beverage

scenario with PVT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
C.3 Temperature of the buffer storage and warm ATES well for the Delft Food & Beverage

scenario with PVT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
C.4 Electricity demand, generation and grid consumption in the Delft Paper & Pulp scenario

with PVT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
C.5 Temperature of the buffer storage and warm ATES well for the Delft Paper & Pulp

scenario with PVT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
C.6 Thermal and electrical efficiency of PVT modules for the Seville Food & Beverage

scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
C.7 Temperature of the buffer storage and warm ATES well for the Seville Food & Beverage

scenario with PVT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
C.8 Electricity demand, generation and grid consumption in the Seville Paper & Pulp scenario

with PVT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
C.9 System performance for varying PVT collector quantities. . . . . . . . . . . . . . . . . 113
C.10 System performance for varying PVT and ST quantities and ratios. . . . . . . . . . . . 113



List of Tables

1.1 LCOH for solar-assisted industrial heating scenarios in literature. . . . . . . . . . . . . . 10

2.1 Parameters flat plate ST collectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Aquifer thermal energy storage parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.1 System performance study parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2 Economic parameters used in the LCOH assessment. . . . . . . . . . . . . . . . . . . . . 75
4.3 LCOH and CAPEX contributions for three different scenarios. . . . . . . . . . . . . . . 79

A.1 Parameters for phase change material heat storage [10] . . . . . . . . . . . . . . . . . . . 95
A.2 Estimated heat exchanger areas at peak design duty. . . . . . . . . . . . . . . . . . . . . 102

xiii



Chapter 1

Introduction

1.1. Industrial heating demand and net congestion
The European Union (EU) has set the ambitious goal to be the first climate-neutral continent by 2050
[11]. One of the key challenges in achieving climate neutrality is the decarbonization of industrial process
heating. Industry represented 24.6% of the final energy consumption in the EU in 2023 [12]. Two thirds
of industrial energy consumption comes from industrial heating [13]. Consequently, decarbonization
of industrial heating is a significant step towards a renewable future, as it accounts for around 16.4%
of the final energy consumption in the EU. The need for alternatives to fossil fuel energy carriers
for industry is further reinforced by the price volatility of imported energy carriers such as natural
gas. Following the Russian invasion of Ukraine in 2022, European gas prices increased by more than
200% [14], resulting in significant increases in operational cost for industry. Furthermore, European
dependence on imported fossil fuels raises strategic concerns about energy security [15]. Transitioning
industrial heating away from natural gas therefore serves two purposes: reducing carbon emissions and
securing European energy autonomy.

One of the most promising technologies for generating industrial heat is the industrial heat pump (HP).
When powered with renewable electricity, the carbon footprint of these HPs is negligible. One of the
main advantages of using a HP is the high efficiency that can be reached. Industrial HPs typically
operate at a coefficient of performance (COP) in the range of 2–5 [16]. This corresponds to the delivery
of 2–5 J of thermal energy per joule of electrical energy consumption. Current industrial HPs are
capable of reaching 150 ∘C, and HPs that can reach up to 200 ∘C are currently in development [17].

Figure 1.1 shows the heat demand, within the temperature range accessible by heat pump technology,
of different industrial sectors in Europe [1]. The total heat consumption within the 100–150 ∘C range
adds up to 192.36 TWh/year, while heat consumption within the 150–200 ∘C range adds up to 80.11
TWh/year. When combined these add up to approximately 20% of total industrial heating demand
in Europe, indicating a substantial potential market for industrial heat supplied by HP technologies.
The food and beverage industry is especially interesting since there is substantial heating demand using
temperatures within the accessible range for industrial HPs. The paper, pulp, and print industry is also
a potentially interesting sector, since a large fraction of heat in this sector is at temperatures slightly
higher than 150 ∘C which is close to currently available industrial heat pumps. Additionally, HPs are
able to reach progressively higher temperatures as advances in compressor design and working fluids
are realized. A small selection of the processes that make use of heat between 100 to 200 ∘C are drying,
distillation, and cooking [18].

1
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Figure 1.1. Heating demand Europe for different industry sectors adapted from [1].

When industry switches from fossil fuel use to electric HPs, a high-capacity electrical grid connection
is required to meet the increased power demand. Although industrial heat pumps offer substantial
efficiency and emissions benefits, their large-scale deployment introduces significant challenges for
electricity infrastructure. The additional electricity demand can be difficult to realize in countries
where the electrical grid is already used maximally. The Netherlands is already facing significant grid
congestion challenges and more European countries are following. The additional electrical demand of
heating, industry, and transport which are switching away from fossil fuels, in combination with the
intermittent generation of electricity from solar and wind energy are difficult to integrate in the current
electrical grid [19]. According to the International Energy Agency (IEA) there are ten thousand large
consumers waiting for a connection to the electrical grid of the Netherlands at this moment [20]. Grid
congestion issues represent a major bottleneck for the large-scale implementation of low emission heating
technologies in industry. To enable large industrial parties to switch to renewable energy, alternative
strategies have to be considered.

One potential strategy to address these challenges is to make industry (partly) self-sufficient. This
entails that industrial facilities generate their own energy locally. This can be achieved by solar
energy, which is characterized by low levelized costs of energy and wide availability [21]. Both heat and
electricity can be harvested, which could be used for industrial processes [22]. Annual solar irradiance
depends on the geographic location of the solar system. A large fraction of European industry is
located at higher latitudes which are characterized by lower annual irradiation and significant seasonal
irradiance imbalance. Most industries operate year round to achieve maximal production output
using the available equipment. Consequently, seasonal energy storage is required to mitigate excessive
demand-side management, which is associated with lower industrial efficiency and additional costs [23].
Through the combination of solar energy generation and seasonal storage, industry will potentially be
able to switch to renewable energy without being restricted by electricity grid congestion.

Solar energy generation technologies, including solar thermal, photovoltaic thermal, and photovoltaic
are discussed in Section 1.2. In Section 1.3, HPs are discussed, which are used to bring water to higher
temperatures according to industry demand. Section 1.4 covers the thermal energy storage that is
needed for the year-round supply of process heat. Finally, previous research on integrated heating
systems are discussed in Section 1.5.

1.2. Solar energy
As discussed in Section 1.1, solar energy offers the capability to supply both electrical and thermal
energy to industrial applications. However, the suitability of solar heat strongly depends on the
required temperature for industrial process heating. Multiple technologies can be used to supply
industrial heating, offering specific advantages and disadvantages. Solar energy conversion technologies
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relevant to industrial applications can be broadly categorized into photovoltaic (PV), solar thermal (ST),
and a combination of both photovoltaic-thermal (PVT). For higher temperature outputs concentrated
PVT/ST can be utilized, which is discussed in Section 1.2.4.

1.2.1. Photovoltaic systems
PV is a mature technology in which incident photons are converted into electron-hole pairs, which
are subsequently separated and collected at the contacts. Through this process an electric current
is generated. This electricity can be used in HPs to provide heating for industry. Currently, most
commercial PV modules are made using monocrystalline silicon PERC cells which operate at around
22–23% conversion efficiency under standard test conditions [24]. Continued research efforts into PV
technology result in significant efficiency increases year by year. New PV technologies such as TOPCon
and tandem cells provide significant potential efficiency improvements in the future, to eventually reach
module efficiencies of more than 35% [25].

PV technology is currently one of the most promising technologies for generating renewable energy.
PV module prices have seen a sharp decline over the last decades [26], making PV a cheap option
in many places around the world. Although the electric efficiency of PV technologies is consistently
improving [27], photovoltaics still experience high intrinsic losses. Up to 75% of incident solar radiation
is converted into heat instead of usable electricity [28]. Consequently the operating temperature of the
cell increases, which reduces the electrical solar cell performance [29].

1.2.2. Solar thermal
ST collectors generate heat directly by absorbing solar radiation and converting it into thermal energy.
The performance of ST depends on the ambient temperature, irradiance and the temperature of the
working fluid. The thermal efficiency of a ST collector can be described using the steady state method,
as presented by Obstawski et al. [30]. In this method the efficiency is a function of the zero loss
coefficient, the reduced temperature, and two coefficients which can be experimentally determined or
retrieved from physical model simulations. The equation and coefficients are further discussed in Section
2.2.2. As a general rule, the efficiency decreases with increasing working fluid temperature or decreasing
irradiance, as illustrated in Figure 1.2.

Figure 1.2. Reduced temperature curves for a variation of ST collectors adapted from [2].

The two most common ST technologies are displayed in Figure 1.3, flat plate collector (FPC) and
evacuated tube collector (ETC). This study focuses on liquid-based ST collectors, since air-based ST
collector efficiency decreases rapidly under elevated temperatures, as illustrated in Figure 1.2.Flat plate
collectors (FPCs) consist of a dark absorber plate coupled to fluid carrying tubes that extract heat from
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the absorber plate. This is encapsulated by insulating layers to prevent heat loss to the environment.
Due to insulation, FPCs operate at higher temperatures than regular PV modules. FPCs generally
operate at temperatures from 30 to 80 ∘C [18] but can reach temperatures of up to 200 ∘C with
high-vacuum insulation [31]. The efficiency of FPCs is strongly dependent on ambient conditions and
the flow rate of the working fluid. In general, 50–70% thermal efficiency can be assumed as a reasonable
reference under test conditions [32].

Figure 1.3. Flat plate collector on the left and evacuated tube collector on the right[3].

ETC collectors consist of a series of glass tubes. A vacuum is created within these tubes that minimizes
heat losses through convection and conduction. Within these glass tubes an absorber is located which
captures solar radiation. The heat is collected using a circulating fluid. Due to the very high insulation,
evacuated tube collectors (ETCs) can reach significantly higher temperatures in the range of 50–200 ∘C.
ETC generally perform better than flat plate collectors at the same conditions [33]. This is illustrated by
the much steeper reduced temperature slope of the FPC in Figure 1.2. Under favorable test conditions
ETC are able to reach efficiencies close to 90% [34]. In general, better insulation leads to higher
performance due to a decrease in thermal losses to the ambient air.

1.2.3. Photovoltaic thermal
A third option are PVT collectors. These are a combination of PV and ST technologies, able to
generate electric current as well as heat. This sets them apart from ST and PV modules, allowing
them to achieve higher overall efficiencies. According to a study by Santbergen et al. [35], the thermal
efficiency of PVT systems is up to 19% lower than that of a ST system and the electrical efficiency is up
to 14% lower compared to pure PV systems. Although the individual thermal and electrical efficiency of
PVT collectors is lower than that of dedicated ST and PV collectors, the combined output of two PVT
collectors is generally higher than that of one ST collector next to one PV module. Consequently, PVT
systems typically require a smaller total collector area than an equivalent ST plus PV installation [36].
Under certain circumstances the electrical performance of PVT can exceed that of pure PV. When very
low temperature output is required the PVT module will be colder than that of a regular PV module.
This results in a higher electrical efficiency at the cost of a lower output temperature. PVT modules
can generally be divided into two main categories: Air-based PVT and liquid-based PVT for which
the most common working fluid is water. Water-based modules are more efficient than air-based PVT
modules due to the better thermo-physical properties of water compared to air [37]. This study focuses
on water-based PVT, since this technology is more suitable for industry utilization. Another subdivision
that can be made is the distinction between glazed and unglazed PVT panels. Glazed PVT modules
have an additional insulation layer at the front which prevents heat losses, as illustrated in Figure 1.4.
This enables glazed PVT to reach higher temperatures and thermal efficiency. One downside of these
panels is that the electrical performance of these modules is lower compared to unglazed or regular PV
modules since they generally operate at higher temperatures [38]. Unglazed PVT systems operate at
significantly lower temperatures and are therefore not suitable for industrial use [22]. For this reason
this thesis will focus on glazed PVT modules.
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Figure 1.4. Illustration of different layers in a glazed PVT module [4].

According to a review study by Lamnatou et al. [39], thermal efficiency of water-based PVT ranges
between 50–85% while the electrical efficiency is in the range of 12–15%, based on systems using c-Si
cells with a rated efficiency of approximately 15% at standard test conditions (STC). The relatively
low electrical efficiency is attributable to optical losses from the front glazing, increased reflection
from low-emissivity coatings, and elevated operating temperatures, which together reduce efficiency by
approximately 7% [40]. Modern high-efficiency c-Si cells (20–23% at STC) would yield correspondingly
higher electrical output when integrated into PVT collectors. The reviewed systems operated at 50–60
∘C under Chinese and European climate conditions, with the majority employing glazed collectors. The
thermal and electrical performance depend substantially on the working fluid temperature, the flow
rate, the received irradiance, and the ambient temperature.

1.2.4. Concentrated solar energy
Concentrated solar energy can be useful in industrial processes when higher temperatures are needed.
The basic principle of concentrated solar energy is that light is focused onto a collector which results
very high local irradiance. Concentrated systems exist for PV, ST, and PVT but the focus is on the
latter two in this research. There are multiple common ways to concentrate the light as presented by
Kumar et al. [18].

Concentrated ST and PVT are able to reach very high temperatures. This can be very useful for
industrial applications which generally need higher temperatures than that which can be generated using
unconcentrated PVT and ST. Some concentrated ST technologies such as heliostat field reflectors are
able to reach temperatures up to 2000 ∘C [18]. Most concentrated ST systems operate at substantially
lower working temperatures.

Parabolic through collectors can reach temperatures of up to 400 ∘C, far beyond medium temperature
heat requirements considered in this thesis. On top of that parabolic through collectors are a relatively
simple technology, requiring only one axis of movement. concentrated photovoltaic thermal (CPVT)
operates at slightly lower temperatures of around 100 to 250 ∘C [39]. In return, it is able to generate
electricity which can be used to power HPs. Many concentrated photovoltaic thermal (CPVT) systems
designs utilize high efficiency PV cells such as triple junction cells. This allows CPVT systems to reach
higher electrical efficiency (20% to 30%) than unconcentrated PVT. In return, the thermal efficiency is
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slightly lower since part of the incoming radiation is transferred into electrical energy.

It should be noted that, unlike unconcentrated solar collectors, concentrated collectors are not able to
use diffuse irradiance effectively [41]. The fraction of diffuse irradiance can be high in some locations,
which greatly impacts the performance of concentrated solar collectors. Especially in the regions at high
latitude the diffuse irradiance fraction can be large, in the Netherlands approximately 50% of incoming
irradiance is diffuse [42]. Consequently, high latitude regions might be unsuitable for concentrated solar
systems.

Although industry relevant temperatures of 150 ∘C can be reached directly by some solar thermal
collectors, a higher thermal efficiency may be obtained if the ST collector generates somewhat lower
temperature heat (100 ∘C). This heat can then be upgraded to 150 ∘C by a heat pump. Depending
on the climate multiple different collector types can be used to provide 100 ∘C, from FPC to parabolic
through collectors which all have distinct advantages and disadvantages. For this reason care has to be
taken when selecting the type of solar collector, since system performance can be affected significantly.

1.3. Heat pumps
Heat pumps use electrical energy to upgrade heat from a lower temperature source to a higher
temperature sink, typically through a vapor compression cycle [43]. However, other HP designs are
available, such as semi-open type steam compression heat pumps which generate steam directly [44].
A prototype of such HP design, which can generate 160 ∘C steam for industry, has been developed by
Standard Fasel and TNO [8]. HPs are an attractive option for industry to provide process heating with
a low carbon footprint since they primarily consume electricity. A schematic of a vapor compression HP
is shown in Figure 1.5. Heat pumps utilize refrigerant as a working fluid. The choice of refrigerant is
constrained by the required source and sink temperatures, pressure levels, thermodynamic performance
and environmental considerations such as global warming potential [45].

Figure 1.5. Schematic of a vapor compression cycle heat pump highlighting the main components [5].

Vapor compression HPs consist of 4 main components which are listed below.

1. Evaporator: The evaporator extracts heat from a low temperature region. This causes the
refrigerant to evaporate into a gas.

2. Compressor: The compressor uses electricity to compress the gas. The compression of the gas
increases the temperature.

3. Condenser: In the condenser, heat is extracted from the gas. This causes the gas to condense into
a liquid.

4. Expansion valve: In the expansion valve the pressure of the refrigerant drops.
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HPs can be divided into conventional HPs which have heat sink temperatures of up to 80 ∘C, high
temperature (HT)-HPs that supply heat of up to 100 ∘C, and very HT-HPs for which the heat sink
temperatures are above 100 ∘C [46]. Very HT-HPs are mainly used in industry because delivered
temperatures are beyond what is necessary for domestic heating. This study focuses on very high
temperature heat pumps suitable for industrial process heating applications. These HPs can upgrade
water from the ST/PVT collectors when output temperatures are not high enough for direct industrial
consumption.

The performance of a HP can be described using the COP value. The thermodynamic (theoretical)
maximum COP can be described using Equation 1.1, where 𝑇sink and 𝑇source describe the output and
input temperature in Kelvin respectively.

COPcarnot = 𝑇sink
𝑇sink − 𝑇source

(1.1)

HPs generally operate at a fraction of the thermodynamic maximum COP. For a heat pump which
delivers heat at 150 ∘C and has a heat source of 80 ∘C, the 𝐶𝑂𝑃carnot is 6.0. In practice, industrial HPs
generally operate at a COP between 40–60% of 𝐶𝑂𝑃carnot [47]. As presented in an experimental study
of a HP by Ramirez et al. [8], the input temperature has a significant impact on the performance of
a HP. When integrating HPs into a system with (intermittent) solar heat generation, 𝑇source can vary
greatly. Therefore, it is important to use accurate input temperatures per hour instead of describing the
HP performance using a single COP value [48]. The temperature lift, defined as the difference between
sink and source temperatures, is a primary determinant of HP performance.

1.4. Thermal energy storage
Solar energy is an intermittent energy resource. There are both daily as well as seasonal fluctuations
in the availability of solar energy. Consequently, thermal energy storage (TES) is required to balance
solar heat supply and industrial demand. The temperature of the thermal energy storage (TES) should
be high enough for the HP to be able to operate effectively. As a result, the required temperature
of the seasonal storage is largely dependent on the specific temperature demand from industry in
combination the operational range of the HP. For this thesis, storage mediums capable of delivering
heat at temperatures between 80 and 150 ∘C are considered. This thesis proposes three key criteria
for assessing the suitability of a TES system for industrial applications: the heat has to be able to be
stored seasonally without significant losses, the temperature of the storage has to be high enough to be
useful for industry and the system has to be financially competitive.

TES can be divided into three categories: sensible heat storage, latent heat storage and thermo-chemical
heat storage [49]. Sensible heat storage is the most mature and works through fluctuating the
temperature of the storage system. Water tank thermal energy storage (TTES) is the most widely
deployed technology for sensible industrial heat storage [50]. Although this technology is mature and
available at low cost, it is not as suitable for seasonal thermal energy storage in industry, as impractically
large storage volumes are required for seasonal storage [51].

One of the most promising sensible TES technologies for seasonal storage is aquifer thermal energy
storage (ATES), illustrated in Figure 1.6. ATES systems can store large volumes of heated water, up
to 1,000,000 m3 per year [52]. Low-temperature systems operating below 25 ∘C are widely deployed
in the Netherlands, commonly at depths of 20–150 m [53]. Medium-temperature systems operating
between 25–90 ∘C have been demonstrated at research scale, including a recent TU Delft project
investigating ATES up to 90 ∘C at depths of approximately 200 m [54]. High temperature ATES
(HT-ATES), operating above 90 ∘C, as required for industrial heating are still in an early development
stage and currently no large-scale systems are operational. However, numerical modeling results have
been promising with HT-ATES (up to 300 ∘C) achieving up to 85% recovery efficiency under favorable
geological conditions [55].
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Figure 1.6. Illustration of aquifer thermal energy storage (ATES) and Tank thermal energy storage (TTES).

Although HT-ATES systems have some significant advantages compared to other storage mediums, there
are also a number of potential risks associated with these systems. Elevated temperatures increase the
risk of clogging and corrosion in the ATES infrastructure [56]. High temperature systems also have an
increased risk for geochemical reactions to take place in the aquifer and precaution is needed to prevent
thermal contamination of the shallow ground water reserves [57].

In addition, HT-ATES systems require specific geological formations such as a porous aquifer deep
underground with an insulating layer on top to prevent groundwater contamination. For temperatures
beyond 100 ∘C, care has to be taken to not exceed the boiling point of water. Since boiling point
increases with pressure and pressure increases with depth, HT-ATES systems have to be placed deeper
underground (beyond 400 meter) to maintain water in liquid form [55, 57]. High temperatures (beyond
100 ∘C) and deep geological placement make HT-ATES systems similar to those used for geothermal
energy generation. It should be noted that the technologies serve fundamentally different purposes.
Where geothermal systems extract heat from the earth as an energy source, ATES systems store
externally generated heat which can later be extracted. Nonetheless, insights from geothermal drilling
and well design can inform the further development of HT-ATES systems.

Latent heat storage is a less mature technology, however, it does provide some specific advantages.
Latent heat storage is based on phase change materials (PCM). The temperature of the TES is dependent
on which material is chosen, a comprehensive overview of different materials with different phase change
temperatures is given in research by Sarbu et al. [58]. A key advantage of latent heat storage is the
stable temperature during phase change, which can be beneficial for process heat applications requiring
a constant supply temperature. However, the large volumes of PCM material required for seasonal
storage, combined with the high cost of suitable phase change materials compared to water, make this
technology considerably more expensive than ATES systems [59].

For large-scale seasonal storage, HT-ATES emerges as the most technically and economically plausible
option, given its low cost per unit of stored energy and scalability compared to tank and PCM storage
[51, 59, 60]. For short-term storage cycles, water tank TES remains the most mature and widely
deployed technology [50], while PCM storage is considered as an alternative for comparison in this
study. Previous research on solar energy combined with seasonal storage has mainly focused on sensible
heat storage [7, 61–63] but some research also involves latent and thermo-chemical storage [64, 65].
Since most of this research is focused on residential heating below 80 ∘C, these studies are not directly
applicable to industrial heating applications requiring temperatures of 130–150 ∘C.

1.5. System models
This section reviews existing literature on solar systems for industrial heat supply. Firstly, system
models that utilize solar heat generation for industrial applications are considered. Secondly, research
which combines solar energy and seasonal storage are discussed.
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1.5.1. Solar energy for industry
Previous research has demonstrated the technical potential for solar-assisted process heat generation
for industrial applications [6, 66–69]. Kumar et al. [66] concludes that the most important factors
for financial attractiveness of ST in industry are the type of solar collector, process temperature
and pressure requirements, availability of solar radiation, and to what extent TES is utilized. The
research concludes that hot water (85–95 ∘C) generation with flat plate collector systems can often be
economically competitive, but that the concentrated collectors for steam generation (140–180 ∘C) have
long payback times. The study does not consider the use of HPs for increasing the output temperatures
reached by flat plate collectors to the industrial demand temperatures.

Silva et al. [67] have developed a model for a high temperature ST system providing heating for
industry. A co-simulation model is used combining TRNSYS and Modelica software. The model has
been validated using an existing ST plant in Spain. Finally, the model was applied on an industrial
application in Spain requiring 150 ∘C steam. The system achieved an annual solar fraction of 67%
without significant heat storage. This demonstrates the feasibility of ST systems, especially for locations
with sufficient direct irradiation like Spain. However, the study does not consider seasonal TES or peak
grid load reduction, which are essential requirements for northern European climates and congested
electricity networks.

Allouhi et al. [70] studied the use of ETC for 60–90 ∘C temperature industry heating in Morocco.
The payback period was optimized by varying the collector area and storage tank volume. The study
concludes that the collector area is more important for the performance compared to the storage tank
volume. However, these results are difficult to extrapolate to locations with lower solar irradiance or
significant seasonal fluctuations.

Mousa et al. [68] have modeled the performance of different solar collector systems for industrial process
heating of 180 ∘C in TRNSYS. Different collector configurations were considered, including PV, ST,
coupled PVT, beam split PVT, and PV combined with ST. An important performance criterion was the
direct normal irradiation (DNI) ratio at the modeled location. The performance of concentrated systems
is significantly worse when the direct normal irradiation (DNI) ratio is below 50% since concentrated
systems do not utilize diffuse light effectively. The highest solar fraction (84.2%) was reached by a
thermally uncoupled concentrated PVT system. For locations with a low DNI ratio these systems
perform poorly. The second highest solar fraction (79.1%) was reached by evacuated flat plate systems
which have a high annual efficiency at process temperature. Since these systems effectively utilize the
diffuse irradiance they were not affected much by a low DNI ratio and were the overall best performing
technology. PV and thermally coupled PVT systems demonstrated lower solar fractions. These findings
support the selection of evacuated flat plate ST collectors in this thesis, which prioritizes performance
under the diffuse irradiance conditions characteristic of northern European climates. However, neither
seasonal thermal energy storage nor peak grid load reduction are considered, leaving the system-level
integration challenges for northern climates unaddressed.

Another study conducted by Mousa et al. [69] highlights that a mix of technologies gives the best
performance in most scenarios. It also provides a methodology to decide on the best solar technology
mix per location. This methodology uses financial and environmental parameters to optimize the solar
mix per location. Kumar et al. [6] discusses a solar-assisted process heating setup displayed in Figure
1.7. PVT and ST are used in tandem to generate heated water around 60 ∘C for process heating. A
model is created in TRNSYS and validated using an experimental setup. This setup is able to deliver
low temperature process heating of 60 ∘C to industry. While the designed system gives an interesting
example of integrated solar assisted industrial heating, it operates under lower temperatures and does
not employ a HP.
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Figure 1.7. Solar-assisted process heating for industry system model [6].

For large-scale implementation of solar-assisted industry heating it is crucial that the selected mix of
technologies is economically competitive in addition to being technically feasible. Table 1.1 presents the
levelized cost of heat (LCOH) of solar-assisted industrial heating systems in the literature. The LCOH is
expressed in €/MWh alongside a brief description of each system configuration. Considerable variation
in LCOH are observed across different locations and system architectures. The reviewed literature
generally does not target a 100% solar fraction, generating a part of the heat using other sources
(e.g. natural gas). Furthermore, none of these studies incorporate seasonal thermal storage. For high
irradiance climates such as South-East Asia and Spain, where systems only employ ST collectors and
do not require high solar fractions, the LCOH can be as low as 35 €/MWh [71–73]. For western
European climates such as Austria and the Netherlands, the cheapest reported results indicated LCOH
values around 80 €/MWh [71, 73, 74]. For more northern European climates, LCOH can increase to
145 €/MWh, when only a 25% solar fraction is required [73]. The most important parameters for
determining LCOH are the local climate, required solar fraction, and required process temperature.

Table 1.1. LCOH for solar-assisted industrial heating scenarios in literature.

Solar-assisted industry heating system description LCOH (€/MWh) Source
Steam 152 ∘C Spain 38–51 [73]
Steam 152 ∘C Austria 87–116 [73]
Steam 152 ∘C Stockholm 104–145 [73]
Steam < 400 ∘C southern Europe 40–70 [72]
Steam 150 ∘C South-East Asia 35 [71]
Steam 150 ∘C western Europe 80 [71]
Steam 120 ∘C South Korea 78–110 [75]
Water 100 ∘C Mexico including HT-HP and storage 103 [76]
Steam 140 ∘C Spain including HT-HP 60 [74]
Steam 140 ∘C Netherlands including HT-HP 85 [74]

The key takeaway from these studies is that industrial process heat in the range of approximately
100–150 °C can be supplied using solar energy. The most important performance parameters are
the total annual irradiation, the seasonal irradiation imbalance, and the DNI ratio. The technical
performance of HT-ST collectors depends on these parameters. Furthermore, the LCOH of solar-assisted
industry heating is largely dependent on climate, required temperature, and required solar fraction.
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Under favorable conditions, a LCOH below 40 €/MWh can be achieved. For high latitudes, system
cost increases significantly to as much as 145 €/MWh. Consequently, optimal system configuration
can change significantly depending on the geographic location of the system, the industrial demand
temperature, and the required solar fraction.

1.5.2. Solar energy and seasonal storage
As discussed in Section 1.4 the majority of research on combining solar energy and seasonal storage is
focused on the residential sector. Even though the use case and required temperatures of this research
do not align with the scope of this study, these studies provide valuable insights into system integration,
operational strategies, and the role of seasonal storage. Furthermore, the developed system models can
provide a useful starting point for the development of an industrial system model.

Several studies have investigated the integration of solar energy with seasonal TES, predominantly in
residential or district heating contexts [7, 61, 64, 77]. Ul-Abdin et al. [7] have created a model which
compares the performance of different solar collectors including PV, ST, and PVT in combination
with an ATES system and a HP. Figure 1.8 shows how the different components are integrated into
one system. Different modes of operation were developed to efficiently operate the system and utilize
the different components optimally. The research concludes that for a Dutch climate unglazed PVT
collectors peak at temperatures around 40 ∘C. Glazed ST collectors reach higher temperatures of
slightly more than 50 ∘C. This suggests that for a Dutch climate these type of solar collectors require
a substantial temperature lift using a HP to meet industrial process requirements. Other types of
solar collectors might be considered for future system designs to increase the temperature of the fluid
which is delivered by these collectors. Furthermore, the study showed a significant increase in HP
performance when utilizing seasonal TES, which can be attributed to higher source temperatures of
the HP. The operating temperatures of the solar collectors and ATES are far below that required by
industry. Furthermore, the study does not consider grid congestion constraints, both of which are
addressed in this thesis.

Figure 1.8. Model including solar energy, seasonal storage, and heat pump for residential use [7].

Beijneveld [61] developed an extensive PVT + ATES model for a fifth generation district heating
network. The heating network operates at low temperatures between 10–20 ∘C but under certain
conditions higher temperatures of up to 60 ∘C were reached. It concludes that the PVT and ATES size
are crucial parameters for the performance of the system. In general larger PVT size increased the solar
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fraction and increased the thermal flux into the system. Increasing the size of the ATES resulted in
higher thermal losses and a lower aquifer temperature. Consequently, the electrical energy required to
power the HP also increased. Although this work provides valuable insights into the dynamic interaction
between PVT collectors, ATES seasonal storage, and HP operation, the low operating temperatures
are incompatible with industrial process heat requirements. The extension of this system concept to
high-temperature operation above 100 ∘C, as required for industrial steam generation, has not been
investigated.

An optimization model for solar district heating system including borehole TES for high latitudes is
discussed by Hirvonen et al. [77]. The system integrates ST, borehole TES, and a HP to achieve a
solar fraction greater than 90%. It shows that residential systems can be supplied by these kinds of
systems even in high latitude countries such as Finland. However, the study does not conclude how
solar assisted HT industrial steam generation performs in this climate.

Thinsurat et al. [64] developed a model to study the performance of PVT in combination with
thermo-chemical storage for domestic hot water use. Thermal simulations were done using ANSYS
fluent and the electrical system model was made in MATLAB. The TES effectively stored heat seasonally
to provide heating in winter months. Two different PVT modules were considered, one was significantly
better insulated with an air-gap. The thermal performance of the insulated module was much better
for the cold climate region which was used. These results indicate that ST and PVT modules in cold
climates might need additional insulation to be able to operate properly. This is especially vital for
high temperature heat generation as discussed in this thesis.

The main takeaways from the aforementioned studies are that the type of solar collector used is crucial
for the performance of the system. The climate plays a significant role in the viability of different solar
collector technologies. Furthermore, the size of the seasonal storage is an important factor in system
performance. Few models have been developed for solar assisted industrial heating including seasonal
TES. This can be attributed to the high industry temperatures, which make seasonal storage difficult.
Especially at reasonable prices such as those that can be reached by ATES systems operating at lower
temperatures. ATES systems with temperatures higher than 100 ∘C are theoretically possible without
significant increases in price. For these reasons, this type of TES is an interesting avenue to consider
when higher storage temperatures are required.

1.6. Research gap
The reviewed literature demonstrates that solar-assisted industrial process heating is technically feasible
and cost-competitive in high irradiance climates. However, several research gaps remain.

First, contemporary studies on solar-assisted industrial process heating do not consider the constraints
of a congested electricity grid. Current research focuses primarily on system costs, solar fractions, and
collector efficiencies. This excludes peak electricity load, the most important parameter for securing a
grid connection in a congested network. This constraint introduces additional challenges, especially for
winter in high latitude locations when solar irradiance is sparse.

Second, there is a lack of research on solar energy combined with seasonal storage for industrial process
heat at temperatures of 130–150 ∘C. Literature on seasonal thermal energy storage is primarily focused
on residential applications with storage temperatures below 60 ∘C. For industrial process heating in
winter, significantly higher storage temperatures are required. For very large seasonal storage volumes,
ATES is currently the only economically viable storage technology. However, HT-ATES operating at
temperatures beyond 100 ∘C is still in an early development stage and has not yet been integrated
with ST generation. In the majority of studies combining ST with HP systems, the ATES serves as
a low-temperature heat source of the HP, with system operation being driven by the heating demand
[7, 61]. However, in this thesis the ATES functions as both the source and sink of the HP. During
periods with excess irradiation the ATES is used as the HP heat sink, while the ATES functions as a
heat source during periods in which ST generation is insufficient.

Third, the individual technologies that are required for such a system are at varying levels of maturity.
As mentioned previously, HT-ATES at the required temperatures is in an early development stage and
there are currently no large-scale experimental projects able to demonstrate technical and economic
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feasibility. HT-ST collectors are a mature technology already implemented at large scale. In contrast,
well-insulated PVT collectors operating at temperatures above 100 ∘C are a novel technology, with
limited system-level integration studies available. Furthermore, high-temperature steam compression
heat pumps capable of delivering 150 ∘C steam to industry have only recently been developed [8] and
have not yet been widely deployed in combination with ST.

The combination of these high-temperature components is illustrated in Figure 1.9. The figure provides
a simplified diagram that illustrates the integration of the different technologies incorporated in the
industrial energy system. In this thesis, a numerical model is developed to simulate this integrated
energy system, assessing its technical potential under varying conditions, including a northern and
southern European climate, and two industrial sectors. Subsequently, the system is optimized by
minimizing LCOH under grid congestion constraints.

Figure 1.9. A simplified overview of the components of the energy model. The figure shows how the heat
and electricity generation are integrated with storage and a heat pump to provide high-temperature (130–150

∘C) steam to industry. The ATES is used as both the source and sink of the HP depending on the season.
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1.7. Research objectives
This thesis addresses the question: ”To what extent can solar-assisted industrial process heating in
combination with thermal energy storage reduce grid congestion problems in Europe?”. This main
objective will be achieved by realizing the following objectives.

1. To develop and adapt numerical models for the individual system components required for a
high-temperature heating system, including thermal energy storage, a heat pump, and solar
collectors. (Chapter 2)

2. To develop an integrated energy model that combines the high-temperature components described
in Chapter 2 into a complete industrial process heat supply system, with multiple operational
modes and system configurations. (Chapter 3)

3. To use the integrated model under varying operating conditions to examine to what extent medium
temperature (130–150 ∘C) industrial heat demand can be covered by solar energy generation, using
high temperature solar thermal and photovoltaic collectors in combination with thermal energy
storage comprising a thermal buffer storage and a seasonal high temperature aquifer thermal
energy storage system. (Chapter 4)

4. To optimize the system size and perform an economic analysis on the developed industrial energy
system, assessing the economic viability of the system under varying climate conditions. (Chapter
4)

1.8. Thesis outline
This thesis report is structured as follows: Chapter 2 describes the individual component models.
Chapter 3 focuses on the system model that integrates the individual component models. In Chapter
4 the results are presented and discussed. The performance of the system is compared for a range
of European locations. In addition, different system configurations are compared to determine which
system functions optimally. Subsequently, Chapter 5 covers the conclusions, where the main findings
of this study are presented. Chapter 6 presents recommendations for future work.



Chapter 2

Overview of the numerical
component models

The objective of this chapter is to develop and adapt numerical models for the individual system
components required for a high temperature heating system, including thermal energy storage, a heat
pump, and solar collectors (Objective 1). Designing an energy system that integrates technologies
ranging from solar energy generation to thermal energy storage, as seen in Figure 1.9, requires a thorough
understanding of the individual numerical component models involved. Therefore, each component
model is described in detail before integration into the broader Photovoltaic Materials and Devices
(PVMD) toolbox framework. Particular attention is given to the assumptions underlying each model,
ensuring a clear understanding of the strengths and weaknesses of the modeling approach.

Section 2.1 discusses the PVMD toolbox which is used as the foundation of the model [7]. A description
of the toolbox and the relevant functions of the toolbox is provided. Secondly, the individual component
models are presented in detail. The governing equations and relevant parameters are presented to
provide a detailed understanding of the modeling approach. Relevant assumptions and simplifications
that are made in the model will also be mentioned and explained. To provide a clear overview of the
additions made in this thesis, a distinction is made between preexisting PVMD toolbox models and
models that have been modified or developed as part of this thesis and will be added to the toolbox.

2.1. PVMD toolbox
This thesis uses the PVMD toolbox as its foundation for energy modeling. The PVMD toolbox is a
MATLAB based software tool developed by the Photovoltaic Materials and Devices (PVMD) research
group at the Delft University of Technology. The toolbox was primarily created to model the energy
output of PV systems based on fundamental material parameters [78]. Since then the toolbox has
been expanded to cover a wider range of applications, including PVT systems [79] and integrated
systems for domestic cases[7]. In addition, new numerical models are added to the toolbox such as
heat pumps (HP) and thermal energy storage [80]. Furthermore, several integrated models have been
created that focus on domestic heating, hot water consumption, and electricity consumption [81, 82].
The current toolbox is focused on domestic energy consumption and does not include integrated models
and components designed for temperature requirements greater than 100 ∘C. This thesis expands the
PVMD toolbox with high temperature components and an integrated industrial process heating model
capable of delivering steam at temperatures up to 160 ∘C.

15
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The toolbox is structured into several sub-functions, which allow for the modeling and analysis of a
variety of solar collectors. Additionally, the toolbox is able to model different scenarios with diverse
system configurations, surrounding structures, and weather conditions [83]. Hourly weather data is used
including: direct/diffuse irradiance, ambient temperature, and wind speed to calculate the electrical
power output of PV systems, as well as the thermal output of ST systems. The relevant sub-functions
which are used in this thesis are listed and explained below.

1. MODULE - performs optical simulations to determine the amount of incident light on the PV
panels at module level. In this thesis, the module geometry is based on this sub function.

2. WEATHER - Used to determine the plane of array irradiance on the solar panels based on
irradiance data.

3. THERMAL - Calculate the temperatures for all the cells in the module. Additionally, the thermal
performance of ST and PVT modules is determined here. In addition, it includes integrated solar
collector systems for domestic use and components such as thermal energy storage and HP models.

The models developed in this thesis (HT-HP, HT-ST, HT-PVT, and HT-ATES) are incorporated
into the THERMAL sub-function of the PVMD toolbox, expanding existing integrated systems to
be able to model high temperature applications such as industry heating. By continuous expansion
and improvement of the toolbox functionality, the toolbox can provide valuable modeling data for a
growing number of scenarios.

2.2. Solar collectors and thermal buffer storage
This section outlines the numerical models of various solar collectors and the thermal buffer storage
connected to the ST/PVT. First, PV modules are discussed in Section 2.2.1, then the model for the
ST modules is given in Section 2.2.2 and 2.2.3, after that a model for the PVT modules is explained
in Section 2.2.4. Finally, the water based thermal buffer storage tank is discussed in Section 2.2.5.
Additionally, a PCM based buffer storage has been considered in this thesis for which the modeling
method and results can be found in Appendix A.1.

Before describing each component individually, Figure 2.1 illustrates how the solar collectors and buffer
storage interact within the system. Water from the buffer storage is fed into the ST, heated by solar
irradiance and returned to the buffer storage. This cycle increases the total thermal energy stored in
the buffer tank. 𝑄𝑜𝑢𝑡 shows the extraction from heat from the buffer tank that is delivered to the HP.

Figure 2.1. Simplified schematic showing how the ST modules on the left are integrated with the thermal
buffer storage on the right.
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2.2.1. Photovoltaic module - existing model
Photovoltaic modules provide electrical power to the HP and the hydraulic ATES pumps. The electric
power 𝑃pv generated by the PV module is calculated using the equations given below, which are based
on the methodology proposed by Ul-Abdin et al. [7]. The module tilt is optimized for the latitude
of the PV installation and shading losses are not considered. Furthermore, losses in transmission and
conversion of electricity are neglected.

𝑃pv = 𝑃S𝜂pv, (2.1)
where 𝜂pv is the electrical efficiency of the PV module and 𝑃S is the available solar power that can be
expressed as follows:

𝑃S = 𝐺𝐴mod, (2.2)
where G is the plane of array irradiance (W/m2) reaching the PV module and 𝐴mod (m2) is the module
area. The electrical efficiency 𝜂pv is determined by Equation 2.3.

𝜂pv = 𝜂pv,ref[1 + 𝛽(𝑇pv − 𝑇pv,ref) + 𝛿 ln 𝐺
𝐺ref

], (2.3)

where the reference PV module efficiency 𝜂pv,ref is 23% under STC (𝑇pv,ref = 25 ∘C, 𝐺ref = 1000
W/m2, and the wind speed is 0 m/s). The reference module efficiency is 23%, consistent with current
commercially available c-Si PERC modules. The temperature coefficient 𝛽 = -0.25%/K and the
irradiance coefficient 𝛿 = 0.052. The irradiance G is taken directly from the solar radiation inputs
into the model. The actual cell temperature (𝑇pv)is determined using a NOCT modeling approach:

𝑇pv = 𝑇am + 𝐺
𝐺NOCT

(𝑁𝑂𝐶𝑇 − 20), (2.4)

where 𝑇am is the ambient temperature and NOCT is the nominal operating cell temperature, defined
under the following standard conditions. Irradiance 𝐺NOCT = 800 W/m2, ambient temperature = 20
∘C, wind speed = 1 m/s, and an open backside mounting configuration. For c-Si PV modules the
NOCT value is approximately 45 ∘C [84]. The NOCT model does not include wind speed variations
and therefore overestimates cell temperatures in locations with high wind speed, resulting in an
underestimation of the PV electricity yield.

2.2.2. Solar thermal - existing model
This section outlines the numerical model used to evaluate the performance of the water-based flat
plate collectors. The PVMD toolbox is equipped with a dynamic model for a glazed flat plate solar
thermal (ST) module developed by Ul-Abdin et al.[7] as well as simple reduced temperature models
which offer a computationally efficient alternative. Since the reduced temperature models are able to
provide accurate results with significantly less required computational power, this approach is taken in
this thesis. It should be noted that the electricity required to pump water through the collectors and
the thermal losses in the connecting pipes are neglected.

The preexisting reduced temperature models are based on the steady state method discussed in Section
1.2.2 and make use of the second order thermal efficiency approach presented below in Equation 2.5.
This equation characterizes the thermal efficiency of the ST module using specific coefficients that
describe the performance of the module under varying operating conditions. This approach is the
industry standard and corresponding coefficients are included in ST data sheets, with representative
reduced temperature curves for three commercial collector types shown in Figure 1.2.

𝜂th = 𝜂0 − 𝑎1 (𝑇red) − 𝑎2 𝐺 (𝑇red)2 , (2.5)

where the thermal efficiency of the ST collector is given by 𝜂th, and 𝑎1 and 𝑎2 are unique coefficients
that correspond to the thermal performance of a ST collector, determined through dynamic modeling or
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experimental data. The zero loss efficiency 𝜂0 is the efficiency of the module when the inlet temperature
of the module is equal to the outside temperature such that the net heat change to the outside
is effectively zero. The aforementioned coefficients 𝑎1, 𝑎2, and the 𝜂0 can be determined through
experimental results or dynamic models through curve fitting. This equation is only valid when the
flow rate is high and the fluid only experiences a small temperature increase between inlet and outlet
of a ST module. When the temperature increase within the ST is more than a few degrees Celsius, this
method underestimates the thermal losses to the outside and thereby overestimate the efficiency of the
modules. 𝑇red denotes the reduced temperature of the module and is expressed as follows:

𝑇red = 𝑇in − 𝑇am
𝐺 . (2.6)

where the inlet temperature of the module and the ambient outside temperature are given by 𝑇in and
𝑇a respectively. Incoming plane of array irradiance is denoted by G in W/m2.

2.2.3. Solar thermal - modified model
The preexisting PVMD toolbox models are designed for ST modules which operate at temperatures
between 20 ∘C and 70 ∘C. When higher temperatures are required, the modules need additional thermal
insulation to prevent heat losses. This requires different types of ST collectors such as evacuated tube
collectors or evacuated flat plate collectors. The coefficients for the evacuated flat plate collectors
used in this thesis can be found in table 2.1. The coefficients are based on commercial evacuated flat
plate collectors produced by TVP solar. The TVP solar collectors are capable of delivering water at
a temperature of up to 200 ∘C to industry by using high vacuum insulation on their ST collectors.
Experimental validation of the high temperature ST collector model was not possible within the scope
of this study, as no suitable test setup was available. Furthermore, the existing dynamic models within
the research group are limited to low temperature ST/PVT and therefore cannot be used as a reference
model.

Table 2.1. Parameters flat plate ST collectors

Parameter Flat plate ST collector
𝑚̇w (kg s−1) 0.02
𝐴c (m2) 2.0
𝑇STC (∘C) 25
NOCT (∘C) 48
𝐺STC (W m−2) 1000
𝐶𝑤 (J kg−1 K−1) 4186
𝑎1 (W m−2 K−1) 1.553
𝑎2 (W m−2 K−1) 0
𝜂0 (-) 0.757

To better account for thermal losses across the solar collector, 𝑇in in Equation 2.5 is replaced with the
mean temperature of the collector 𝑇m. This equation has to be implicitly solved since 𝑇m is dependent
on 𝜂th, as illustrated in Figure 2.2. Here, the temperature of the buffer tank is used to make an initial
guess for the mean module temperature 𝑇 0

m.

The mean module temperature is used in combination with irradiance and ambient temperature data
from the weather file to find the reduced temperature of the module. The altered Equation 2.6 is used
to find the ST thermal efficiency. The thermal efficiency is used to approximate the outlet temperature
of the water. Using the average of the inlet and outlet temperature, the mean module temperature 𝑇m
is determined. This approach is only accurate if temperature in the ST increases somewhat linearly
and can therefore not be used for very low flow rates. When the difference between the initial guess 𝑇 0

m
and the calculated 𝑇m is less than the defined tolerance, the loop is finished. The thermal efficiency 𝜂th,
mean temperature 𝑇m, and output temperature 𝑇out are delivered as output of the model. This heated
water is added to the buffer storage, thereby increasing the stored thermal energy.



2.2. Solar collectors and thermal buffer storage 19

Figure 2.2. Flow chart of ST and PVT modeling showing the iterative process which determines the
performance. The left loop is used for the solar thermal collector and the photovoltaic thermal collector makes

use of both loops to determine the electrical and thermal efficiency of the collector.

2.2.4. Photovoltaic Thermal - newly developed model
As the PVMD toolbox does not include a high temperature PVT model, one has been developed as part
of this work. The model couples a similar reduced temperature thermal efficiency approach described
in Section 2.2.3 with the temperature-dependent electrical efficiency model of Section 2.2.1. Due to
the relationship between the electrical efficiency 𝜂el, thermal efficiency 𝜂th, and the output temperature
𝑇out a secondary embedded loop is required to solve the equations. Figure 2.2 illustrates how the PVT
code is integrated into the ST code.

The initial guess of the mean module temperature 𝑇 0
m and the reduced temperature 𝑇red are determined

as explained in Section 2.2.3. The reduced temperature is used to make an initial guess for the thermal
efficiency 𝜂th, then a guess for the output temperature 𝑇 0

𝑜𝑢𝑡 is made based on 𝜂th . The output
temperature of the fluid is assumed to be equal to the temperature of the PV module 𝑇pv which is
integrated into the flat plate ST collector. Subsequently, the 𝜂el is determined on the basis of the module
temperature 𝑇pv, using Equation 2.3. The thermal efficiency 𝜂th is then adjusted by subtracting the PV
efficiency from the previously determined thermal efficiency as function of the reduced temperature 2.7.
This results in a new PVT outlet temperature. When the new outlet temperature of the PVT module
is within tolerance of the initial guess, the outer loop checks whether the mean temperature has also
converged. Once both conditions are satisfied, the thermal and electrical efficiencies are returned as
outputs.

𝜂th = 𝜂0
th − 𝜂el. (2.7)

The reduced temperature curves of the ST and PVT collectors can be found in Figures 2.3 and 2.4. The
Reduced temperature for the electrical efficiency has been approximated through curve fitting simulated
data from a the PVT collector and have been presented for a irradiance of 1000 W/m2 in the figure.
The black cross denotes the most common operational point of the PVT collectors in the integrated
system, when the temperature difference between the collectors and ambient is approximately 100 ∘C.
At these elevated operational temperatures the electrical efficiency of the PVT reduces from 22–23% to
16–18%.
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Figure 2.3. High vacuum insulated flat plate ST
collector.

Figure 2.4. High vacuum insulated flat plate PVT
collector.

2.2.5. Water tank - newly developed model
The water tank is modeled as a lumped energy sensible heat storage using a fixed volume of water. The
water volume is warmed up by the ST/PVT and cooled down by extracting heat from the tank using
a heat exchanger. The temperature change of the water as a result of these processes can be found in
Equation 2.8.

Δ𝑇wt = 𝑄in − 𝑄out
𝑀wt𝐶w

, (2.8)

where 𝑄in and 𝑄out are the inserted and extracted heat flows. The mass of the water tank is denoted
by 𝑀wt and 𝑐𝑝 is the specific heat capacity of water in the tank. The temperature of the water in the
buffer tank (𝑇wt) varies between 80 and 120 ∘C. When the water is above 100 ∘C it has to be stored
at pressures greater than 1 bar to avoid evaporation. The tank is assumed to be well insulated such
that it has negligible thermal losses to the outside. Since the buffer storage is cycled at a much higher
frequency than the ATES the thermal losses are comparatively small.

2.3. Heat pump - newly developed model
The numerical HP model is based on a study by TNO and Standard Fasel [8], which characterizes the
performance of a high temperature semi-open type steam compression HP. It makes use of a steam
compression cycle and delivers steam directly on the sink side. A simplified schematic of the HP can
be found in Figure 2.5, showing the operating design of the prototype. A vacuum boiler operates at
low pressure between 0.2–0.7 bar, enabling water to evaporate at relatively low temperatures (60–90
∘C). The water is fed into the vacuum boiler and heated via a heat exchanger. The heat flux causes
the water to partially evaporate, after which the steam is separated. The steam is fed into a two-stage
compressor that compresses the steam, increasing its pressure and temperature. The HP is originally
designed to be used in combination with industrial waste heat but can also utilize ST heat without
requiring significant modifications. The HP is capable of delivering steam at sink temperatures 𝑇sink
between 130–160 ∘C, corresponding to a pressure of 2.7–5.9 bar respectively.
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Figure 2.5. Simplified HP schematic highlighting the main components of the TNO and Standard Fasel
prototype. Adapted from Ramirez et al. [8].

The COP of the HP is computed using Equation 2.9.

𝐶𝑂𝑃 = 5.57 − 0.046Δ𝑇HP, (2.9)

where Δ𝑇HP is the temperature lift of the HP, defined as the difference between the source 𝑇source
and the sink 𝑇sink temperatures of the HP. This linear relation is derived from Ramirez et al. [8]
and presented in Figure 2.6. This figure presents two HP characteristics, the bottom line (yellow)
characterizes the measured performance of the prototype, while the red line represents the theoretical
potential of the design in the absence of preventable thermal and mechanical losses. This thesis utilizes
COP characteristics of the upper-bound COP curve, which is a realistic benchmark for the HP as it
approaches maturity. The figure additionally compares the COP characteristics from Ramirez et al.
against the theoretical limit, 𝐶𝑂𝑃carnot (blue), as defined in Equation 1.1. The performance of HPs
in literature is often evaluated using the Carnot efficiency, defined as the ratio of the HPs COP to the
corresponding 𝐶𝑂𝑃carnot. The maximum Carnot efficiency of the presented HP is 39%, at a temperature
lift of 60 ∘C. This falls within the range of Carnot efficiencies reported for high temperature HPs
according to Arpagaus et al. [47].
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Figure 2.6. The COP characteristics of the numerical HP model (orange) are compared against the
𝐶𝑂𝑃carnot characteristics (blue). The actual prototype performance (yellow).

Although the HP prototype is designed and tested with source temperatures between 60 to 80 ∘C [8],
the numerical model extends this range to higher source temperatures up to 140 ∘C. This extension is
physically justified since the steam compression HPs can operate at higher source temperatures when
increasing the vacuum boiler pressure. The extended source temperature range enable the system to be
more effective when combined with variable ST heat generation and HT-ATES. This is attributable to
higher achievable COP values when operating at higher vacuum boiler temperatures, due to a reduction
in required steam compression power. Furthermore, the effective temperature range of the ATES is
increased, reducing the required storage volume. The minimum source temperature is constrained to
60 ∘C and sink steam temperature is limited to 130–160 ∘C, consistent with the achievable range of the
prototype.

2.3.1. Coolprop
The model employs the CoolProp library [85] to retrieve fluid properties of water for the HP. This
is necessary since the temperature of the water ranges between 80 and 160 ∘C within the HP. This
results in a significant variation in the boiling pressure, viscosity, and density of water. CoolProp is
integrated into the MATLAB code, allowing for hourly updates of fluid properties in the system based
on temperature and pressure. This ensures accurate results for a range of operating conditions of the
HP. CoolProp has been previously employed in the PVMD toolbox to validate the performance of low
temperature HPs.

2.4. Heat exchangers - newly developed model
The heat exchangers in the system are modeled in two different ways, depending on the specific use.
Both heat exchangers are coupled to the vacuum boiler.

The first heat exchanger couples the vacuum boiler with the buffer storage. This heat exchanger is fully
submerged within the thermal buffer storage tank. Therefore, the heat exchanger only requires fluid
circulation on the HP side. This simplifies the heat exchanger modeling substantially because the water
temperatures coming out of the heat exchanger do not have to be tracked. The performance of these heat
exchangers is taken into account in the COP characteristics of the HP. This performance includes the
pumping power required to pump the water through the heat exchanger. Since the pumping power and
thermal losses associated with these heat exchangers are already embedded in the COP characteristics
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of the HP, it is not necessary to determine the electrical energy required to pump water through the
heat exchanger. The heat exchanger can be simply modeled by extracting the required heat from the
buffer tank. The corresponding heat exchanger equations are discussed in Section 3.2.

The second heat exchanger is used in combination with the HT-ATES. This heat exchanger requires
a different heat transfer model because water flows on both sides of the exchanger and the outflow
temperatures have to be tracked to be used in the ATES model. The heat exchanger connected to
the ATES system is a shell-and-tube heat exchanger which are commonly employed in industry due
to their high heat transfer rate, compact space requirements, and the ability to handle high pressure
[86]. A temperature difference of 5 K is assumed at the heat exchanger outlet, referred to as the pinch
point temperature (𝑇pinch). This lies on the lower end of typical pinch temperatures which range from
5 K to 30 K, depending on the trade-off between energy efficiency and heat transfer area [87]. This
assumption is considered reasonable since both working fluids are water and the heat exchange involves
condensation and boiling, which are associated with significantly higher heat transfer coefficients than
single-phase convection [88]. However, it should be noted that such a low pinch temperature may require
a larger heat transfer area and therefore represents an optimistic performance oriented design choice.

Figure 2.7 presents the temperature profiles of water on both sides of the heat exchanger for two
operating scenarios. The profiles shown are illustrative examples for specific ATES temperatures and
shift accordingly as the aquifer temperature varies throughout the year. The x-axis represents the
position along the heat exchanger from inlet to outlet, and the y-axis shows the fluid temperature.
Each figure presents two temperatures, the HP side (𝑇HP) and the ATES water side (𝑇ATES) with the
dashed line indicating ATES temperature as a reference.

During surplus operation (Figure 2.7a) the ATES functions as the heat sink of the HP. Steam at 160
∘C is generated by the HP, which condenses in the heat exchanger, transferring heat to cold well water.
Since the HP side undergoes condensation, its temperature remains constant at 160 ∘C along the full
heat exchanger length. The cold well water is heated from 90 ∘C to 155 ∘C along the heat exchanger
before being pumped into the warm well.

During shortage operation (Figure 2.7b) the ATES functions as the heat source of the HP. Warm well
water enters the heat exchanger at 140 ∘C and transfers heat to water from the vacuum boiler. The
water from the vacuum boiler evaporates at a constant temperature controlled by the vacuum boiler
pressure, leaving the heat exchanger as steam. The water on the ATES side is cooled down to 5 K
above the steam temperature and inserted into the cold well. The heat exchangers are further discussed
in Appendix A.2, where the required heat exchanger area is determined to assess technical feasibility.
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Figure 2.7. Temperature of heat exchanger integrated with the ATES in two scenarios: Surplus operation
where cold water is pumped from the cold to the warm well and heated through steam condensation and

shortage operation where the ATES is delivering heat to the HP by pumping water from the warm to the cold
well. The reference warm and cold well temperatures are also presented.
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2.5. Aquifer thermal energy storage - existing
ATES systems employ underground aquifers to store heat by adding and extracting hot water. The
numerical model in this thesis uses a two-well approach. The model is based on the work by Van Rossum
[80] on low temperature ATES systems which is implemented in the PVMD toolbox. The parameters
used in these equations can be found in table 2.2. ATES sizing, including determining the thermal
radius 𝑅th, follows the same approach as Van Rossum [80]. The work of Van Rossum et al. is based
on ATES systems designed for domestic hot water supply and space heating demand. This requires
significantly lower ATES temperatures between 10 and 30 ∘C compared to the industrial ATES system
in this thesis, which operates between 40 and 150 ∘C, referring to the minimum temperature of the
cold well and the maximum temperature of the warm well, respectively. The aquifer dynamics change
significantly at higher temperatures as discussed in Section 1.4 and therefore the thermal efficiency
approximation does not hold for these ATES systems.

2.5.1. Aquifer thermal energy storage - modified model
Before going into the ATES equations, Figure 2.8 presents some important parameters of the ATES
model. The left figure presents the operation during summer when surplus heat is stored in the ATES.
The figure on the right presents the ATES operation during winter when the solar collector system is
not sufficient to meet all heat demand. The figure further highlights the temperature ranges of the two
wells and the vacuum boiler. Finally, important parameters of the system are displayed such as the
depth of the aquifer, the screen length 𝐻𝑎, and the thermal radius 𝑅th.

Figure 2.8. ATES operation in summer (left) and winter (right) showing the temperature ranges and
important well parameters. Adapted from Bloemendal et al. [9].

The HT-ATES is modeled using a lumped energy balance approach, in which the aquifer is represented
as a single well-mixed thermal node with a uniform temperature. Hydraulic mass flow balance is
not explicitly enforced since this requires a numerical groundwater flow model beyond the scope of
this study. Consequently, the model does not capture thermal fronts, spatial groundwater flow, and
hydraulic pressure changes. Instead, the energy balance of the system is enforced through annual aquifer
temperature stability. This ensures that the system can be used sustainably over multiple years. The
ATES model uses CoolProp, discussed in Section 2.3.1, for hourly updates of the fluid properties of water.
This is necessary because the thermophysical properties of water, such as density and viscosity, vary
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significantly with temperature and therefore change considerably as the ATES temperature fluctuates
throughout the year.

Heat losses to the ground for the lumped energy balance are accounted for using the recovery efficiency,
which is determined based on the approach developed by Schout et al. [89] and further validated for
high temperature conditions by Sheldon et al. [55]. The approach takes into account heat loss due to
buoyancy and density driven flow which are important heat loss mechanisms in high temperature ATES
systems. Using this approach, an annual recovery factor for the ATES can be approximated based on
local aquifer conditions, following Equation 2.10:

𝑅 = 𝐴𝑎𝑡𝑒𝑠𝑒𝐵𝑎𝑡𝑒𝑠𝑅𝑎∗ , (2.10)

where R is the annual recovery efficiency of the system and 𝑅𝑎∗ is a modified Rayleigh number expressed
in Equation 2.11. 𝐴ates and 𝐵ates are derived through curve fitting using detailed high temperature
ATES simulations and are based on the screen length of the ATES 𝐻𝑎.

𝑅𝑎∗ = 1634𝜌w𝐻2.5
𝑎 √𝑘𝑣𝑎𝑘ℎ𝑎Δ𝑇
𝜇√𝑉in

, (2.11)

where 𝜌w is the density of water, 𝑘𝑣
𝑎 and 𝑘ℎ

𝑎 are the vertical and horizontal permeability of the aquifer,
Δ𝑇 is the difference between the injection temperature and the temperature of the ground surrounding
the aquifer, 𝜇 is the viscosity of water and 𝑉in is the injected volume of water in one year. The first
variable found through the curve fitting 𝐴𝑎𝑡𝑒𝑠, is calculated using Equation 2.12.

𝐴𝑎𝑡𝑒𝑠 = 0.82 − 1.70
𝐻1.2𝑎

(2.12)

To accurately determine 𝐵𝑎𝑡𝑒𝑠, two different relations are required to describe aquifer dynamics.
Equation 2.13 is valid when the screen length of the aquifer is within 10 to 60 m and Equation 2.14 is
valid for screen lengths between 60 and 200 m.

𝐵𝑎𝑡𝑒𝑠1 = − 1.2
𝐻1.35𝑎

+ 2.2 ⋅ 10−3 (2.13)

𝐵𝑎𝑡𝑒𝑠2 = 2.7
𝐻1.7𝑎

(2.14)

The MATLAB model applies the recovery efficiency R at each timestep when heat is injected. This
is a conservative assumption since it underestimates heat recovery for short storage cycles. Since the
ATES system is predominantly used for seasonal storage, this simplification yields acceptable results.
The temperature of the warm well is updated using Equation 2.17.

Δ𝑇warm = 𝑅𝑄in − 𝑄out
𝐶ates

, (2.15)

where 𝑄in is the energy which is added to the aquifer, 𝑄out is the extracted energy, and 𝑅 is the recovery
efficiency. The equations determining 𝑄in and 𝑄out are described in Section 3.2. The thermal capacity
of the aquifer 𝐶ates is described by Equation 2.16.

𝐶ates = 𝑛𝑉ates((𝐶w𝜌w𝜙) + (𝐶𝑟𝜌𝑟(1 − 𝜙))), (2.16)

where n is the number of wells and 𝑉ates is the volume of the ATES determined by the previously
mentioned equations in van Rossum et al. [80]. The specific heat capacities of water and rock are given
by 𝐶𝑤 and 𝐶𝑟, the densities of water and rock are denoted by 𝜌w and 𝜌𝑟, and 𝜙 is the porosity of the
aquifer.



2.5. Aquifer thermal energy storage - existing 26

Subsequently, the temperature of the warm well is updated as shown below:

𝑇aq(𝑖 + 1) = 𝑇aq(𝑖) + Δ𝑇𝑤𝑎𝑟𝑚 (2.17)

The cold well temperature ranges between 40–100 ∘C, which is high when compared to conventional
low temperature ATES systems, but represents the cold side within the high temperature context
of this thesis. The cold well temperature is modeled as the mirror image of the warm well such that
Δ𝑇warm = −Δ𝑇cold. While this simplification does not capture the independent thermal dynamics of the
cold aquifer, its influence on total system performance is limited. The cold well temperature primarily
affects the hydraulic pumping losses, which account for only a small fraction of total energy consumption.
Accurately resolving cold well dynamics would require a full two-well distributed groundwater flow
model, which is outside the scope of this thesis.

Most parameter values are based on the parameters used by Sheldon et al. [55]. Some parameter choices
do require additional explanation to understand the way they have been determined. A screen length of
60 m is adopted, as longer screen lengths yield higher recovery efficiencies, particularly at large injection
volumes. The industrial system considered in this thesis requires a large storage volume. To determine
the aquifer recovery efficiency an injection volume of 𝑉ates of 2 × 105 m3 is considered. The aquifer
is placed at a depth of 400 meters to avoid contamination of drinking water reserves. Deeper aquifer
placements significantly increases the pumping power required to extract water from the ground.

Horizontal permeability is considered to be 10×10−12 m2, which is on the low end of what is considered
in most numerical modeling studies of high temperature ATES [55, 89]. Low permeability aquifers have
higher recovery efficiencies, but extraction of water requires more pumping power. When permeability
is low, heat transfer is dominated by conduction instead of convection. The anisotropy is determined
to be 10 because this is a reasonable estimate for layered aquifers according to Bakker et al. [90]. High
anisotropy is beneficial because losses through buoyancy effects are reduced.

The resulting recovery, based on these parameter values, is approximately 0.8 after five years of operation.
However, recovery efficiency is very sensitive to local ground conditions and may differ significantly
from the value assumed here. Favorable ATES conditions are assumed in this thesis in order to assess
the technical potential of the broader system, including the solar collector array. To determine the
site-specific system performance, local geological conditions must be inserted into the model. Finally,
the aquifer temperatures are limited to the ranges presented in the table below. This is done to prevent
physically unfeasible ATES operation. When these limits are reached, the aquifer system stops being
used for surplus or shortage situations, depending on the limit reached.

Table 2.2. Aquifer thermal energy storage parameters

Parameter ATES
Porosity 𝜙 (-) 0.25
Specific heat capacity aquifer 𝐶𝑟 (𝐽𝑘𝑔−1𝐾−1) 800
Density rock 𝜌𝑟 (𝑘𝑔𝑚−3) 2650
Density water 𝜌𝑤 (𝑘𝑔𝑚−3) 943–975
Screen length 𝐻𝑎 (m) 60
Depth (m) 𝐿𝐴𝑇 𝐸𝑆 400
Horizontal permeability 𝐾ℎ

𝑎 (m2) 10 ⋅ 10−12

Anisotropy (-) 𝑘𝑎ℎ/𝑘𝑣𝑎 10
Viscosity 𝜇 (Pa s) 0.0002825
ATES injection volume 𝑉𝐴𝑇 𝐸𝑆 (m3) 2 ⋅ 105

Cold aquifer max T (∘C) 100
Cold aquifer min T (∘C) 40
Warm aquifer max T (∘C) 150
Warm aquifer min T (∘C) 90
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2.6. Hydraulic Pumps ATES - newly developed model
Extracting water from the ATES system requires hydraulic pumps capable of overcoming the hydrostatic
pressure of the water column and frictional losses in the piping. Since minimizing electricity consumption
from the grid is a primary objective of this thesis, it is crucial to account for the electricity demand of
these pumps. The hydraulic pump model has been adapted from the work of Beijneveld [61] and Van
Rossum [80].

First, the optimal diameter of the inner tube is determined using Equation 2.18, based on the design
volumetric flow rate and the chosen design velocity. The total volumetric flow rate of the ATES system
during peak loads is divided by the number of well pairs to obtain the flow rate per well.

𝐷 = √ 4𝑄̇
𝜋𝑉 , (2.18)

where D is the optimal inner pipe diameter, 𝑄 represents the volumetric flow rate per well and 𝑉 is the
design water flow velocity. A design velocity of 1.5 m/s is adopted, consistent with standard practice
to prevent excessive friction losses in well piping [91]. Additionally, high flow velocities can cause pipe
erosion, while very low velocities can cause sedimentation within the piping [92].

The total power requirement of the pumps is expressed in Equation 2.19.

𝑊𝑃 = 𝑄̇(Δ𝑃hydraulic + Δ𝑃friction)
𝜂pump

, (2.19)

where 𝑊𝑃 is the total pumping power, 𝑄̇ is the total volumetric flow rate, 𝜂pump is the pump efficiency,
and Δ𝑃hydraulic and Δ𝑃friction are the hydraulic and frictional pressure contributions respectively.
The hydraulic pump efficiency is assumed to be 75%, used by Boateng et al. [93] for a centrifugal
pump system coupled to a borehore thermal energy storage system. Figure 2.9 illustrates these two
contributions to pressure loss in the ATES piping: frictional losses, represented by the Darcy friction
factor 𝑓𝐷 and hydraulic losses due to gravity 𝑔. The figure shows a fully developed laminar flow through
a pipe of length 𝐿, diameter 𝐷 and surface roughness 𝜖.

Figure 2.9. Illustration of water moving up through an ATES pipe on the left and a cross section of the pipe
on the right.

The dominant pressure contribution is given by the hydraulic head of the water column given by
Equation 2.20. When water is transported over large horizontal distances, the pressure drop by friction
becomes increasingly more significant. Therefore, ATES systems have to be placed close to the industrial
demand to prevent excessive losses. Appendix B.1 presents an analysis on the influence of distance from
the industry to the ATES.

Δ𝑃hydraulic = 𝜌𝑤𝑔𝐿ates, (2.20)
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where 𝜌𝑤 is the density of water at aquifer temperature. The gravitational constant g = 9.81 ms−2 is
the gravitational acceleration and 𝐿𝐴𝑇 𝐸𝑆 is the depth of the aquifer.

The frictional pressure drop is computed using the Darcy-Weisbach equation. Firstly, the actual flow
velocity through the pipe is determined based on the volume of water required and the inner diameter
of the pipe 2.21.

𝑉 = 4𝑄
𝜋𝐷2 (2.21)

The Reynolds number dictates the flow regime of the water and is determined using Equation 2.22.

𝑅𝑒 = 𝜌𝑉 𝐷
𝜇 , (2.22)

where 𝜇 is the dynamic viscosity of water at the temperature and pressure of the aquifer and 𝑉 is flow
velocity.

For laminar flow (Re < 2000) the Hagen-Poiseuille Equation 2.23 is used to determine the Darcy friction
factor 𝑓𝐷. The Darcy friction factor is a dimensionless coefficient that quantifies the friction loss due
to flow in a pipe.

𝑓𝐷 = 64
𝑅𝑒 (2.23)

For transitional and turbulent flow (Re > 2000) the Darcy friction factor is approximated using the
Swamee-Jain Equation 2.24.

𝑓𝐷 = 0.25
(𝑙𝑜𝑔( 𝜖

3.7𝐷 + 5.74
𝑅𝑒0.9 ))2 , (2.24)

where 𝜖 is the roughness of the pipe wall. The Swamee-Jain equation is a good approximation for
the Darcy friction factor in fully turbulent (Re > 5000) flow through a pipe. In the transitional flow
regime (2000 < Re < 5000) the Swamee-Jain equation overestimates the friction factor compared to
the iterative Colebrook-White equation. This results in a conservative overestimate of pumping power
at partial load.

Finally, the frictional pressure drop over pipe length L is expressed using Equation 2.25.

Δ𝑃friction = 𝑓𝐷
𝐿ates𝜌𝑉 2

2𝐷 (2.25)

Since the hydrostatic pressure of the water column exceeds the frictional resistance during injection,
no additional pump is required on the injection side. Therefore the hydraulic pumping model is only
applied on the extraction side.

2.7. Electrical battery - newly developed model
A simplified electric battery model is added to represent large-scale battery storage. The batteries have
a charge and discharge efficiency of 95%. This corresponds to a round trip efficiency of approximately
90%, which is in line with modern lithium-ion batteries [94]. Self-discharge losses are neglected, as
these are typically below 3% per month for lithium-ion batteries and are therefore negligible for typical
cycling periods of 1–3 days in this thesis [95]. Excess electricity is stored in the batteries and discharged
during periods of insufficient generation. The inclusion of battery storage improves system resilience
and reduces dependence on grid electricity. The state of charge (SOC) is determined using Equations
2.26 and 2.27 .
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Δ𝑆𝑂𝐶 =
𝜂bat𝐸in − 𝐸out

𝜂bat

𝐶bat
, (2.26)

where 𝐸in and 𝐸out are the energy flows in and out of the batteries in joules, 𝜂bat is the efficiency of
charging and discharging the batteries, and 𝐶bat is the total energy capacity of the battery storage in
joules. The resulting difference in state of charge Δ𝑆𝑂𝐶 is used to update the battery SOC in Equation
2.27.

𝑆𝑂𝐶(𝑖 + 1) = 𝑆𝑂𝐶(𝑖) + Δ𝑆𝑂𝐶. (2.27)

2.8. Conclusion
This chapter has presented the developed and adapted numerical models for the individual system
components required for a high temperature heating system, including thermal energy storage, a
heat pump, and solar collectors (Objective 1). The models range from existing PVMD toolbox
components to newly developed models for high temperature applications, including the PVT collector,
high temperature HP, and the modified high temperature ATES. The newly developed models are
incorporated into the PVMD toolbox and are specifically aimed at industrial heating applications.
Figure 2.10 provides an overview of how the individual components described in this chapter are
integrated. This integrated system and the interactions between the individual components are further
described in Chapter 3.

Although the individual component models are based on established methods from literature, several
simplifying assumptions have been made, including neglect of thermal and hydraulic pumping losses
for the ST/PVT piping, the lumped energy approach for both the buffer storage and ATES, and the
extrapolation of heat pump COP characteristics beyond experimentally validated source temperatures.
These simplifications create a good balance between accuracy and complexity of the model but have to
be considered when evaluating the results in Chapter 4.

Figure 2.10. Illustration of the individual components into an integrated industrial system.



Chapter 3

Integrated system

This chapter presents the development of an integrated energy model that combines the
high-temperature components described in Chapter 2 into a complete industrial process heat supply
system, with multiple operational modes, and system configurations (Objective 2). Thereby, enabling
the simulation of solar-powered industrial heat supply under varying conditions. A schematic diagram
of the industrial heating system is shown in Figure 3.1. It should be noted that the distinction between
warm and cold water in the legend is determined by the relative enthalpy of the water instead of the
temperature.

Figure 3.1. Schematic diagram of an industrial heating system comprising out of solar collectors (ST, PVT,
and PV), an ATES system, heat exchangers, a buffer storage tank, and a HP

The chapter is structured as follows. Section 3.1 introduces the six system configurations considered
in this thesis, outlining the key differences between them. Section 3.2 then describes the operational
modes of the energy system, including the governing equations used to describe the energy flows within
each mode and the control strategy used to select between them. The system inputs are discussed in
Section 3.3, covering both the industrial heat demand profiles and the weather data used to operate
the model. Finally, Section 3.4 presents a brief validation of the integrated energy system model.

30
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3.1. System configurations
This section outlines the six system configurations compared in this thesis. The system configurations
are divided into five primary system configurations and one additional system configuration. The
five primary system configurations are built up from a simple system to a more complex system by
incrementally adding components, allowing the individual contribution of each component to be assessed.
In addition to the primary system configurations, configuration 6 is introduced which replaces the ST
and PV with PVT collectors. The different configuration are summed up below.

•Configuration 1 (reference): Resistive heater heat generation
•Configuration 2 (reference): ST heat generation with HP
•Configuration 3 (reference): ATES seasonal storage
•Configuration 4 (reference): PV electricity generation
•Configuration 5 (main): Battery energy storage system
•Configuration 6 (main): PVT heat and electricity generation

Configuration 1 (Resistive heater heat generation) is depicted in Figure 3.2 and serves as the baseline
configuration. In this configuration, a resistive heater supplies 100% of the heating demand. The
resistive heater is assumed to operate at 100% efficiency. This configuration serves as a reference
scenario, representing a system fully dependent on grid electricity. Figure 3.3 shows Configuration
2 (ST heat generation with HP), in which ST collectors are used to generate thermal energy that is
subsequently stored in a thermal buffer storage tank. The buffer storage tank is not sized for seasonal
thermal energy storage and only covers short thermal energy shortages of three to four days. This buffer
storage is coupled to a HP to supply steam for industrial process heating. The HP draws its electrical
power from the grid.

Figure 3.2. Configuration 1 (reference): Resistive
heater heat generation.

Figure 3.3. Configuration 2 (reference): ST heat
generation with HP.

Configuration 3 (ATES seasonal storage) extends the previous system by integrating an ATES for
seasonal thermal energy storage, as shown in Figure 3.4. The ATES is coupled to the HP and provides
thermal energy during longer shortages not covered by the buffer. Consequently, mitigating the negative
effects of seasonal solar irradiance variation on system performance. Figure 3.5 presents Configuration
4 (PV electricity generation), in which PV modules are added to provide electricity to the system. The
electricity is used to power the HP and hydraulic pumps for the ATES, potentially enabling the system
to function completely independently of the grid.
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Figure 3.4. Configuration 3 (reference): ATES
seasonal storage.

Figure 3.5. Configuration 4 (reference): PV
electricity generation.

Finally, Configurations 5 and 6 are shown in Figures 3.6 and 3.7. Configuration 5 (Battery energy
storage system) incorporates a battery energy storage system, as shown in Figure 3.6, increasing the
self-sufficiency of the system by reducing electrical power shortages. In Configuration 6 (PVT heat
and electricity generation) the separate ST and PV arrays are replaced by PVT collectors, which
simultaneously generate thermal and electrical energy. This system configuration is illustrated in Figure
3.7. The aim of this configuration is to assess whether PVT collectors can reduce the total collector
area required relative to separate ST and PV installations. Configuration 5 and 6 largely follow the
same operational mode logic as Configuration 4 discussed in Section 3.2. Configuration 5 adds the
battery charging and discharging logic discussed in Section 2.7 to the electrical energy Section 3.2.5 and
Configuration 6 is adapted by replacing the PV and ST models with the PVT model discussed in 2.2.4.

Figure 3.6. Configuration 5 (main): Battery energy
storage system.

Figure 3.7. Configuration 6 (main): PVT heat and
electricity generation.

3.2. Operational modes
This section describes the different operational modes of Configuration 4 and 5 (Figure 3.5 and 3.6). The
governing equations of Configuration 1, 2 and 3 are described accordingly, since the thermal governing
equations of Configuration 4 and 5 are built up incrementally from those configurations. When replacing
ST generation by PVT heat generation the governing equations can also be applied to Configuration
6. The modes are divided into 3 main modes: Mode I (Balanced operation), Mode II (Surplus), and
Mode III (Shortage). The surplus and shortage modes are divided into two sub-modes A and B. Each
mode is illustrated with a figure, accompanied by its governing equations. Subsequently, the optimal
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temperature lift of the heat pump is discussed in Section 3.2.4. The description of the modes focuses
exclusively on the thermal energy flows and does not take into account electrical energy consumption or
generation. Electrical energy flows are discussed in Section 3.2.5. The section concludes with a control
flow chart (Figure 3.16) showing which mode is selected based on the conditions in the system.

Before describing the individual modes, several variables, and equations that appear throughout this
section are defined here to avoid repetition. The first step is to determine the difference between the
generation and consumption of heat during each time step with Equation 3.1.

Δ𝑄 = 𝑄ST − 𝑄𝐻𝑃 , (3.1)

where Δ𝑄 is the difference between generation and consumption, 𝑄ST is the energy generated by the
ST collectors described by Equation 3.2, and 𝑄𝐻𝑃 is the thermal energy extracted from the heat pump
source .

𝑄ST = 𝐺𝜂th𝑁ST𝐴c𝑑𝑡, (3.2)

where G is the plane of array irradiance in W m−2, 𝜂th is the thermal efficiency of the ST collectors, 𝑁ST
is the number of collectors, 𝐴𝑐 is the aperture area of a single collector, and 𝑑𝑡 is the number of seconds
of one time step. The thermal energy consumed by the heat pump, 𝑄𝐻𝑃 , depends on the COP reached
during operation. The COP is determined through Equation 2.9 and depends on the temperature lift
Δ𝑇HP. The temperature lift varies by mode and is defined in each section. The thermal energy that
the HP must extract from its heat source to satisfy the industrial process demand 𝑄D is:

𝑄HP = 𝑄D
𝐶𝑂𝑃 − 1

𝐶𝑂𝑃 (3.3)

The HP in this system consists of a vacuum boiler coupled to a two-stage compression cycle. The
water in the vacuum boiler evaporates at a temperature slightly below the source temperature by
operating at reduced pressure. This reduces the required compressor work and improves the COP. The
COP is evaluated at the source temperature rather than the vacuum boiler evaporation temperature,
conforming to the method of Ramirez et al. [8]. The evaporated steam is separated from the residual
liquid and compressed until it reaches the industrial demand temperature 𝑇D. Condensate returning
from the process re-enters the vacuum boiler at approximately 70 ∘C, consistent with process steam
condensate temperatures found in literature [96][16]. This operating principle applies in all modes and
is not repeated in the individual subsections.

3.2.1. Mode I: Balanced operation
Mode I represents normal system operation, during which ST collectors charge the buffer storage while
the HP simultaneously extracts heat from the buffer to meet industrial demand. In this mode the total
heat capacity of buffer storage is able to cover mismatches between heat consumption and generation.
No ATES interaction occurs. The main components of this system are the ST collectors, the thermal
buffer storage, and the HP consisting of a vacuum boiler and a two-stage compression cycle as shown
in Figure 3.8
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Figure 3.8. Illustration of operational Mode I: Balanced operation. System relies on buffer storage tank to
supply heat and no surplus generation takes place, with buffers storage operating temperatures constrained by

80 ≤ 𝑇wt ≤ 120 ∘C, while 𝑇D ∈ {130, 150} ∘C.

The ST collectors generate heat 𝑄ST according to Equation 3.2, which is added to the buffer storage.
Simultaneously, the HP extracts source heat from the buffer to meet the process heating demand. The
temperature lift required from the HP depends on the industrial demand temperature (𝑇𝐷) and the
temperature of the buffer tank (𝑇wt), as expressed in Equation 3.4.

Δ𝑇HP = 𝑇D − 𝑇wt (3.4)

The temperature lift Δ𝑇HP is used to determine the COP of the system with Equation 2.9. A lower
temperature lift results in a higher COP since the required compressor work is reduced. Subsequently,
the source heat demand of the HP is determined using Equation 3.3. The buffer storage temperature
is then updated using Equation 2.8, where 𝑄out = 𝑄HP and 𝑄in = 𝑄ST.

3.2.2. Mode II: Surplus
Mode II is activated when the ST collectors generate more thermal energy than can be consumed by
the HP or stored in the buffer tank. Depending on the temperature of the ATES wells, this surplus is
stored seasonally in Mode IIA or curtailed in Mode IIB.

•Mode IIA: Charging of ATES
Mode IIA is activated when the buffer storage has reached its maximum temperature (120 ∘C). Excess
ST thermal energy generation is stored within the ATES system, which functions as the HP sink. The
surplus thermal energy is upgraded to high temperature steam at 160 ∘C using the HP and used to charge
the ATES via a heat exchanger. This represents the maximum temperature that can be reached by the
HP, allowing seasonal thermal energy storage over a larger temperature range. Figure 3.9 illustrates
the heat flows of this mode.
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Figure 3.9. Illustration of operational Mode IIA: Charging of ATES. Surplus heat from the ST collectors is
used to charge the ATES, with ATES operating temperatures constrained by

90 ≤ 𝑇 w
aq ≤ 150 ∘C, 40 ≤ 𝑇 c

aq ≤ 100 ∘C.

The ATES is charged using the portion of 𝑄ST that exceeds the buffer storage capacity. Since the
maximum HP output temperature (160 ∘C) and maximum buffer temperature 𝑇wt,max (120 ∘C) are
fixed, the temperature lift is fixed at 40 ∘C:

Δ𝑇HP = 160 − 𝑇wt,max (3.5)

The COP is then computed based on Equation 2.9 using the fixed Δ𝑇HP found in Equation 3.5. The
electrical work required by the HP compressors 𝑊HP is then determined using the surplus generation
and the COP:

𝑊surplus = 𝑄HP
𝐶𝑂𝑃 − 1 (3.6)

The surplus heat is transferred to the ATES system via condensation in a heat exchanger. The thermal
energy transfer from the buffer storage to the HP and from the HP to the ATES are both fully driven
by a phase change. Therefore, both are equal to the product of the produced steam mass 𝑀steam and its
latent heat of vaporization 𝐿𝑤. This relation between the thermal energy surplus 𝑄ST and heat added
to the ATES 𝑄in is presented in Equation 3.7

𝑄in = 𝑀steam𝐿𝑤 = 𝑄surplus (3.7)

The temperature of the ATES can be updated by inserting 𝑄in into Equation 2.15. The mass flow rate
of water pumped from the cold well to the warm well, 𝑀ATES, is determined using Equation 3.8.

𝑀ATES = 𝑄in
Δ𝑇hex𝐶c

p
, (3.8)
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where 𝐶c
p is the specific heat capacity of the cold well water. The temperature increase of the cold well

water Δ𝑇hex inside the heat exchanger is given in Equation 3.9.

Δ𝑇hex = 160 − 𝑇 c
aq − 𝑇pinch, (3.9)

with 𝑇pinch = 5 ∘C, as defined in Section 2.4 and 𝑇 c
aq is the temperature of the cold well.

After condensing, the water leaves the heat exchanger at a temperature of approximately 160 ∘C and a
pressure of 6.18 bar. This water is passed through a pressure relief valve, where the pressure is reduced
to the pressure of the vacuum boiler. As a result, a fraction of the water flashes into steam. Equation
3.10 shows how the mass percentage of flashed water 𝑥𝑒𝑣𝑎𝑝 is determined.

𝑥evap = ℎhex − ℎHP
𝐿𝑤

, (3.10)

where ℎhex is the enthalpy of the water leaving the heat exchanger and ℎHP is the enthalpy of the water
in the vacuum boiler. The flashed steam is separated from the liquid water in the vacuum boiler and
fed into the two-stage compression system. Thereby, reducing the heat demand on the buffer storage
in the subsequent timestep.

𝑄red = 𝑄HP − 𝑥evap𝐿𝑤. (3.11)

•Mode IIB: Curtailment ST
Mode IIB is used when both buffer storage and ATES storage have reached their maximum storage
capacity. The ST generation is curtailed to prevent storage temperatures from exceeding the system
limits. Curtailment is achieved by stopping the fluid flow through the ST collectors. No governing
equations beyond those in Mode I apply, since the HP continues operating to deliver the process heating
demand while the ST surplus is discarded. This mode is depicted in Figure 3.10.

Figure 3.10. Illustration of operational Mode IIB: Curtailment ST. Excess heat generation in the ST
collectors is curtailed, where 𝑇𝐷 ∈ {130, 150} ∘C.

3.2.3. Mode III: Shortage
Mode III is activated when the thermal buffer storage reaches its minimum operating limit (𝑇wt = 80
∘C) and cannot satisfy the industrial heat demand. In this scenario, heat is extracted from the warm
ATES well in Mode IIIA, or a backup resistive heater is activated in Mode IIIB.
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•Mode IIIA: Discharge ATES
When the buffer storage cannot fully satisfy the process heating demand and the ATES wells have
not reached their operational limits, Mode IIIA is activated. During which heat from the warm well
is extracted and used to evaporate water from the vacuum boiler via a heat exchanger. This is done
by pumping warm water from the ATES through a heat exchanger that is coupled to the vacuum
boiler. The ATES heat cannot be directly be used in industry since ATES temperatures are frequently
below those required in industry. Furthermore, the industry requires high temperature compressed
steam which can be effectively generated using the steam compression HP used within this thesis. The
different components and thermal energy flows of Mode IIIA are shown in Figure 3.11.

Figure 3.11. Illustration of operational Mode IIIA: Discharge ATES. The ATES warm well supplies heat to
the HP, with ATES operating temperatures constrained by 90 ≤ 𝑇 w

aq ≤ 150 ∘C, 40 ≤ 𝑇 c
aq ≤ 100 ∘C, while

𝑇𝐷 ∈ {130, 150} ∘C.

For Mode IIIA, finding an optimal temperature lift Δ𝑇HP is more complex compared to for the other
modes I and IIA. This complexity stems from the competing influence of Δ𝑇HP on both the COP and
the pumping power required to extract water from the ATES. The derivation of the optimal Δ𝑇HP that
minimizes electrical consumption for varying warm well temperatures is presented in Section 3.2.4 and
summarized in Equation 3.12.

Δ𝑇𝐻𝑃 = 𝐷 + 0.8(𝑇 w
aq,max − 𝑇 w

aq), (3.12)

where 𝐷 is a constant dependent on the industrial demand temperature 𝑇D, as defined in Section 3.2.4.
𝑇 w

aq,max is the maximum temperature of the warm well in the ATES system and 𝑇 w
aq is the current

warm well temperature. Subsequently, the COP is determined using Δ𝑇HP in Equation 2.9 and the
heat extracted from the warm well follows from Equation 3.3. This extracted water cools down with
Δ𝑇hex across the heat exchanger before injection into the cold well. This temperature difference can be
expressed as follows:

Δ𝑇hex = 𝑇 w
aq + Δ𝑇HP − 𝑇pinch − 𝑇D, (3.13)
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where 𝑇 w
aq is the current temperature of the warm well and 𝑇pinch is 5 ∘C as defined in Section 2.4. The

corresponding mass flow rate 𝑀ates of the aquifer water is then given by Equation 3.14.

𝑀ates = 𝑄𝐻𝑃
Δ𝑇ℎ𝑒𝑥𝐶𝑝,𝑤𝑎𝑟𝑚

, (3.14)

where 𝐶w
𝑝 is the specific heat capacity of the warm well water. The ATES temperature is subsequently

adjusted using Equation 2.17 where 𝑄out = 𝑄HP.

•Mode IIIB: Backup electrical boiler
Mode IIIB is utilized when both buffer storage and ATES have reached their minimum temperature
limits. To meet industrial heat demand, an electrical backup resistance heater is used to supply heat
directly to the vacuum boiler. This system is comparable to Configuration 1 discussed in Section 3.1
and is depicted in Figure 3.12.

Figure 3.12. Illustration of operational Mode IIIB: Backup electrical boiler. Shortage of heat requires a
backup electrical boiler to be used for heat generation, where 𝑇D ∈ {130, 150} ∘C.

During this operational mode the thermal and mechanical losses in the resistive heater and HP are
assumed to be negligible. This results in an underestimation of the required electrical energy. However,
since this mode is only activated sparingly in properly sized systems, the impact on the overall results
is limited. Under this assumption, the electrical work supplied by the backup boiler 𝑊backup is equal
to the industrial heat demand 𝑄D, as expressed in Equation 3.15.

𝑊backup = 𝑄D. (3.15)

3.2.4. Heat exchanger temperature
When the system operates in Mode IIIA water is pumped out of the warm ATES well through a heat
exchanger which acts as the HP source. The total electrical power consumption in this mode has two
competing contributions.

1. Hydraulic pumping power (𝑊𝑝𝑢𝑚𝑝): The pumping power increases proportional to the volume
of water extracted from the ATES. A larger temperature drop across the heat exchanger (Δ𝑇hex)
means more heat is extracted per kilogram of water, reducing the required flow rate and therefore
the pumping power. From a pumping power perspective, a lower evaporation temperature in the
vacuum boiler is preferable.
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2. Heat pump compressor power (𝑊𝐻𝑃 ): The compressor power required by the HP decreases
with decreasing temperature lift Δ𝑇𝐻𝑃 . A higher evaporation temperature in the vacuum boiler
reduces the temperature lift and is therefore preferable from compressor power perspective.
However, a higher evaporation temperature also reduces the temperature drop across the heat
exchanger, limiting the heat that can be extracted per kilogram of ATES water.

These two effects act in opposite directions, as illustrated in Figure 3.13. Increasing Δ𝑇𝐻𝑃 reduces
pumping power but increases compressor power. This section derives the optimum HP temperature lift
at which 𝑊total = 𝑊pump + 𝑊HP is minimized.
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Figure 3.13. Illustrative example of HP compressor and hydraulic pump power consumption during Mode
IIIA operation for 𝑇ATES = 120 ∘C and 𝑇D = 130 ∘C. The compressor power increases and the pumping power

decreases with increased HP temperature lift.

To find the optimum Δ𝑇HP, an expression must be derived that accounts for both the HP COP and
the ATES pumping power. The Δ𝑇hex of the warm water in the heat exchanger is defined by Equation
3.13. The heat transferred per unit mass of ATES water 𝑄𝑠𝑜𝑢𝑟𝑐𝑒 is calculated as:

𝑄source = 𝐶wΔ𝑇hex, (3.16)
where 𝑄source is the specific heat transfer in 𝐽𝑘𝑔−1, 𝐶w is the specific heat capacity 𝐽𝑘𝑔−1𝐾−1 and
Δ𝑇ℎ𝑒𝑥 is the temperature drop of the warm-side fluid in the heat exchanger. The specific heat capacity
𝐶w is evaluated at 130 ∘C, representing a typical mean ATES operating temperature. The work done
by the HP can be expressed by equation as:

𝑊HP = 𝑄source
(𝐶𝑂𝑃 − 1) , (3.17)

where 𝑊HP is the work done by the HP expressed in 𝐽𝑘𝑔−1 of water pumped up from the warm well.
The COP is determined using equation 2.9. Using 𝑊HP and 𝑄source, the total thermal energy delivered
𝑄delivered, per kg of ATES water, can be determined by the following equation.

𝑄Delivered = 𝑄source + 𝑊HP, (3.18)
where 𝑄delivered, 𝑄source, and 𝑊HP are all expressed in 𝐽𝑘𝑔−1 of water pumped up from the warm well.
To determine the pumping power of the hydraulic pumps per unit mass of water, the total pressure
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drop is determined using the equations described in Section 2.6. Using these equations, the hydraulic
and frictional pressure contributions are determined to find the total pressure drop in the pipes. The
water is assumed to move at the design velocity of 1.5 𝑚𝑠−1. The pumping power per kg of water is
determined using Equation 3.19.

𝑊𝑝𝑢𝑚𝑝 = Δ𝑃𝑡𝑜𝑡𝑎𝑙
𝜌𝑤𝜂𝑝𝑢𝑚𝑝

, (3.19)

where Δ𝑃total is the sum of the hydraulic and frictional pressure contributions in 𝐽𝑚−3, 𝜌w is the
density of water at 130 ∘C in 𝑘𝑔𝑚−3, and 𝜂pump is the pump efficiency defined in Section 2.6. Finally, a
new COP can be defined describing the system performance by combining 𝑄delivered, 𝑊pump, and 𝑊HP
in Equation 3.20.

𝐶𝑂𝑃system = 𝑄delivered
𝑊pump + 𝑊HP

(3.20)

Using this equation, an optimum Δ𝑇HP can be found for each warm well ATES temperature. Figures
3.14 and 3.15 show the 𝐶𝑂𝑃sys plotted against Δ𝑇HP for six different warm well temperatures. Figure
3.14 shows the 𝐶𝑂𝑃sys for an industrial heating system requiring 130 ∘C process heating.

As Δ𝑇HP increases, the relative pumping power contribution is reduced, causing the 𝐶𝑂𝑃sys curves
to approach the dotted line representing COP without pumping losses. However, increasing Δ𝑇HP
simultaneously increases the compressor power consumption of the HP, resulting in a clear optimum
where total electrical power consumption is minimized. These optimums are depicted using dots,
accompanied by their respective Δ𝑇HP values.

The optimal temperature lift of the heat pump decreases as the temperature of the warm well increases.
This is because a lower warm well temperature reduces the Δ𝑇hex within the heat exchanger (Δ𝑇hex =
𝑇 w

aq −𝑇evap −Δ𝑇pinch), thereby increasing the required pumping power. To compensate for the increased
pumping power, the vacuum boiler pressure is reduced to decrease the evaporation temperature. This
results in an increase of Δ𝑇hex and a reduction the required mass flow rate.

Figure 3.14. COP of a heat pump including hydraulic pumping power from the ATES. The dotted line
shows the COP without hydraulic pumping power. 𝑇D = 130 ∘C, depth = 400 m. Optimum temperature lifts

for varying ATES temperatures are included.
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Figure 3.15 presents the 𝐶𝑂𝑃sys for an industrial heating system requiring 150 ∘C process heating. The
figure shows a similar trends to Figure 3.14, with system performance decreasing with decreasing aquifer
temperature. Compared to the 130 ∘C scenario, the optimal Δ𝑇HP values are higher and COP values
are lower, indicating a reduced overall system performance. This is a direct consequence of the larger
required temperature lift due to a higher demand temperature of 150 ∘C.

Figure 3.15. COP of a heat pump including hydraulic pumping power from the ATES. The dotted line
shows the COP without hydraulic pumping power. 𝑇D = 150 ∘C, depth = 400 m. Optimum temperature lifts

for varying ATES temperatures are included.

A linear relationship between the optimal Δ𝑇HP and the warm well temperature (𝑇ATES) is identified
and expressed in Equation 3.12. The coefficient D depends on the required steam temperature 𝑇D, as
expressed in Equation 3.21.

𝐷(𝑇𝐷) = {10.2 if 𝑇𝐷 = 130 ∘C
26.2 if 𝑇𝐷 = 150 ∘C

(3.21)

Only demand temperatures of 130 and 150 ∘C are considered, consistent with the industrial heating
scenarios defined in Section 3.3.1. For other demand temperatures or system conditions, the above
procedure must be repeated to find the relationship between the warm well temperature and the optimal
Δ𝑇HP. Appendix B.1 presents a similar optimal COP analysis for ATES systems located far from
industrial demand, as a solution to locally unfavorable geological conditions.

3.2.5. Electrical energy
In addition to thermal energy flows, the system requires electrical energy to operate. The two-stage
compression of the HP and the hydraulic pumps of the ATES represent the dominant electrical
consumers. Therefore these are the only electrical loads considered in this study. The electrical loads 𝑊
are expressed in joules. The electrical work done by the two-stage compressors 𝑊HP can be described
by the following equation.

𝑊HP = 𝑄D
𝐶𝑂𝑃 (3.22)



3.2. Operational modes 42

The electrical work done by the hydraulic pumps of the seasonal storage 𝑊P is described by Equation
2.19 and subsequent equations in Section 2.6. This equation is adapted so that the mass flow rates
𝑀ates, determined in Equations 3.8 and 3.14, are used as inputs. The mass flow rates are divided by
the local water density to obtain the volumetric flow rate Q. The total electrical power demand 𝑊el is
obtained by summing the hydraulic pump power 𝑊P consumption, and the two stage compressor power
𝑊HP consumption, as expressed in Equation 3.23.

𝑊el = 𝑊P + 𝑊HP (3.23)

Configuration 4 also uses PV collectors to generate electrical energy to power the system. This reduces
the system’s dependence on grid electricity. The net consumption of electricity from the grid 𝑊grid is
expressed as:

𝑊grid = 𝑊el − 𝑊PV, (3.24)

where 𝑊PV is the total electricity generation from the PV collectors which is determined using the
equations in Section 2.2.1. When 𝑊PV exceeds 𝑊el, 𝑊grid becomes negative, indicating a surplus of
electricity that must be fed back to the grid or curtailed. For Configuration 5 and 6 which include
electrical batteries surplus electricity can be stored in the batteries which can be recovered during
shortages.

3.2.6. Control strategy
The operational mode is selected at each timestep according to a predefined control strategy, summarized
in the flow chart in Figure 3.16. In the flow chart, a clear distinction is made between the default,
shortage, and surplus modes. All decision diamonds in the chart apply AND logic, meaning both
conditions must be satisfied simultaneously. Furthermore, the system is controlled on an hourly basis,
with all inputs representing hourly values.

Figure 3.16. Flow chart depicting the control strategy used in this thesis. A clear distinction is made
between the default, surplus, and shortage modes.
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Using weather data, the thermal output of the ST collectors (𝑄ST) is determined. The heat influx
required by the HP (𝑄HP) is determined from the hourly industrial process heat demand. The difference
between these two quantities defines the hourly net thermal energy balance Δ𝑄. Additionally, the
temperatures of the buffer storage and the ATES wells are used to determine the selected operational
mode. The two white decision diamonds determine whether the system operates in surplus, shortage
or default mode. When the temperature of the buffer storage is below the minimum buffer storage
temperature (𝑇wt = 80 ∘C) and Δ𝑄 is negative, the system selects the shortage mode. When the buffer
storage temperature is above the maximum buffer temperature (120 ∘C) and there is a net positive heat
flow into the buffer, the surplus mode is used. When neither condition is met, the system operates in
Mode I, during which the buffer storage is charged or discharged depending on the sign of Δ𝑄.

The dark gray diamond in the surplus mode determines whether the system operates in Mode IIA or IIB.
When the temperature of the warm well is below its defined maximum (150 ∘C) and the temperature
of the cold well is above its defined minimum (40 ∘C), the system operates in Mode IIA. When neither
condition is met, meaning that both storage systems have reached their capacity limits, the system
operates in Mode IIB and ST generation is curtailed. The light gray diamond in the shortage mode
decides whether the system operates in Mode IIIA or IIIB. When the warm well temperature is above
its minimum limit (90 ∘C) and the cold well temperature remains below its maximum limit (100 ∘C), the
system operates in Mode IIIA. Alternatively, when these conditions are not met, the system operates
in Mode IIIB and rely on an electric backup boiler. The modes can work in tandem in some situations
where, for example, only a portion of the thermal energy demand can be met by the ST buffer tank. In
such cases, the buffer tank and ATES operate simultaneously to collectively meet the heat demand. The
use of the buffer tank is always prioritized over the ATES since the heat is not stored deep underground
and therefore energy losses are lower. The equations are run sequentially within one time step, where
heat extracted from the ATES is determined based on how much 𝑄HP is left over when the buffer
storage has reached its limits.

3.3. Model inputs
This section describes the hourly model inputs used in this thesis. First, the industry heating demand is
discussed in Section 3.3.1. This section describes the industrial sectors considered and their respective
thermal energy demands. Subsequently, the weather inputs for two different locations are discussed in
Section 3.3.2.

3.3.1. Industry demand
As illustrated in Figure 1.1 in Chapter 1, a substantial share of European industrial heat demand
in the 100–200 ∘C range is attributed to the Food & Beverage sector, and the Paper, Pulp & Print
industry. These sectors are therefore the primary focus of this thesis. To align with conventions used
in the literature and available datasets, the sector definition of the Paper, Pulp & Print is referred to
as the Paper & Pulp industry throughout the remainder of this thesis. The energy consumption of the
considered factories is approximately 440 TJ, equal to the annual thermal and electrical energy demand
of 11,000 Dutch households [97].

The Paper & Pulp sector is modeled as a continuous energy consumer, operating uniformly throughout
the year rather than in batch or periodic cycles. Continuous operation is standard practice in paper
processing, as it ensures consistent product quality [98]. According to Solar Heat Europe, an average
Paper & Pulp plant requires 20 tonnes of steam per hour at temperatures around 150 ∘C [73]. Resulting
in a annual energy consumption of approximately 449 TJ. These temperatures correspond to the
requirements for drying and boiling processes in the Paper & Pulp industry [47].

The Food & Beverage sector is characterized by a daily peak in energy consumption as reported by
Bedocchi et al.[99]. The steam consumption used in the model peaks between 9:00 and 15:00 and
is nearly zero throughout the night. This represents a 2-hour shift relative to the demand profile
reported by Bedocchi et al. [99], introduced to better align with peak solar irradiance hours. The
energy consumption in the study above is averaged over multiple factories and processes. Many Food
& Beverage processes use batch operations that can vary in time between seconds and hours [100].
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Since the model works with hourly time steps, batch processing with varying durations is difficult to
integrate. Therefore, the hourly averaged demand profile presented by Bedocchi et al. is used. This
demand pattern broadly aligns with the daily solar irradiance cycle, reducing the need for short-term
daily storage and potentially reducing grid electricity consumption through PV generation during peak
load hours. One of the most common Food & Beverage processes is sterilization. This process typically
operates at temperatures between 120 and 140∘C [101]. In this thesis, the steam supplied to the Food
& Beverage sector is modeled at a temperature of 130 ∘C. The demand profile is scaled so that the
total annual steam consumption of the Food & Beverage sector equals that of the Paper & Pulp sector,
resulting in a total energy consumption of 440 TJ. The demand curves of the two sectors are shown in
Figure 3.17. The figure shows three days of operation and this pattern repeats throughout the year.
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Figure 3.17. The steam demand for the paper & pulp, and food & beverage industries for three days

3.3.2. Weather data
The performance of solar energy systems is strongly dependent on the total received irradiance and its
seasonal variation. To assess the viability of the proposed system across different climatic conditions,
two locations are considered in this thesis: Delft (the Netherlands) and Seville (Spain). These locations
provide contrasting climatic conditions in northwestern and southern Europe respectively, offering
a broad basis to compare system performance. Hourly weather data, including the plane of array
irradiance and ambient temperature, are obtained from Renewables.ninja [102] [103], which uses the
CM-SAF SARAH data record. This dataset is produced by the EUMETSAT Climate Monitoring
Satellite Application Facility (CM SAF) and consists of hourly high-resolution surface irradiance values
derived from satellite observations [104]. The CM-SAF SARAH dataset has been validated by numerous
studies, demonstrating consistently high accuracy across a wide range of climatic conditions [105–108].

Figures 3.18 and 3.19 present the mean monthly irradiance and the monthly average temperature for
Delft and Seville respectively. Two distinct trends can be observed. First, Seville receives considerably
more annual plane of array irradiation than Delft, 2148 and 1243 kWh/m2 respectively.

Secondly, Delft exhibits a much greater seasonal imbalance: summer irradiation is 6.6 times higher
than in winter, compared to a factor of 2.0 for Seville. A pronounced seasonal imbalance necessitates
either a very large solar collector area or a form of seasonal thermal storage to meet year-round demand.
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Comparing these two locations therefore provides insight into how collector sizing, storage capacity and
grid dependence vary with climate.

Figure 3.18. Monthly weather data Delft. Figure 3.19. Monthly weather data Seville.

The hourly weather data for three distinct weeks throughout the year are presented in Figure 3.20 and
Figure 3.21. The weeks presented in these figures coincide with the weekly results presented in Chapter
4. Delft shows a strong seasonal dependence on irradiance and temperature. For Seville irradiance has
a less pronounced seasonal pattern but ambient temperature still varies significantly between different
seasons.

Figure 3.20. Hourly weather data Delft for three
weeks.

Figure 3.21. Hourly weather data Seville for three
weeks.

3.4. Validation of the model
The industrial process heating system developed in this thesis represents a novel combination of
components that has not been realized in practice. As a result, no experimental data exists for
this integrated system, and direct validation of the integrated model is not possible. Instead, the
individual component models are validated separately against experimental data and results from
literature. Following the validation of the individual components, the numerical model can be applied
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with confidence to generate results in Chapter 4. Firstly, the PV, ST, and PVT collectors are validated
by comparing outputs to values from literature in Section 3.4.1. This is followed by a validation of the
ATES in Section 3.4.2, in which the long-term stability of the ATES is assessed. Finally, the output
of the integrated system is validated in Section 3.4.3, where energy balances in the HP system are
evaluated.

3.4.1. Solar collector validation
Accurate modeling of the thermal and electrical energy output of the solar collectors is critical to the
overall performance of the industrial energy system. The PV yield was validated against long-term
average data from the Solargis database [109], which has been validated against ground measurements
across various climate zones [110]. The Solargis output incorporates 11% system losses, which must be
taken into account when comparing the modeled PV yield against these reference values.

The modeled PV energy yield for Delft shows good agreement with the Solargis reference data. The
Solargis data approximates the long-term average PV yield to be 1000 to 1100 kWh kWp−1 in Delft.
When excluding system losses, this range increases towards 1123 to 1235 kWh kWp−1. A PV module
generates 538 kWh/year in Delft with a peak power of 460 W. This results in an energy yield of
1169 kWh kWp−1, which is within the Solargis range. For Seville, the long-term average PV yield
is approximated to be around 1650 to 1750 kWh kWp−1. When excluding system losses, this range
increases towards 1854 to 1966 kWh kWp−1. A PV module in Seville generates 910 kWh/year with a
peak power of 460 W. This results in an energy yield of 1978 kWh kWp−1 which is slightly above the
long-term average range, but is reasonable for a year with above average irradiation. The results of this
comparison are depicted in Figure 3.22.

Figure 3.22. PV yield simulation results compared
against Solargis data.
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Figure 3.23. Annual ST collector efficiency results
compared against literature.

The evacuated flat plate ST collector model is validated against literature data for evacuated flat
plate solar collectors operating at similar temperatures (≈ 100 ∘C) [111–113]. Since reported collector
efficiency curves vary between manufacturers and studies, even within the same collector category,
this comparison should be understood as an exploration of whether the modeled output is physically
realistic rather than a formal validation against a specific reference system. The ST collectors in Delft
and Seville generate 999 and 2142 kWhm−2year−1 respectively. The average efficiencies of collectors
in Delft and Seville are 40% and 50% respectively, as illustrated in Figure 3.23. The higher average
efficiency in Seville compared to Delft reflects the higher ambient temperatures and irradiance levels
in Seville, increasing ST output. These average efficiencies are consistent with a broad range of values
(45% to 58%) reported in the literature, such as those of Bellos et al. [111], who reported a measured
average annual thermal efficiency of 47.2% for evacuated flat plate collectors in Athens at an operating
temperature of 125∘C, which is within 3 percentage points of the modeled Seville value of 50.2%. Duret
et all [112] report a measured annual thermal efficiency of 45% for evacuated flat plate collectors in
Geneva operating between 80 to 95 ∘C. This is in line with values reported in the model considering the
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slightly lower operating temperatures than this work. Gao et al. [113] reported annual average thermal
efficiencies ranging from 52 to 58% across four different climates at an operating temperature of 100 ∘C.
The comparatively high thermal efficiencies presented by Gao et al. [113] can be attributed to the high
zero loss efficiency in the numerical model, in combination with somewhat lower temperature operation
compared to this work. It can be concluded that the ST collectors as modeled in this work, show closer
agreement with experimentally validated ST systems than with the optimized numerical model of Gao
et al. [113]. This suggests the model parameters are representative of currently available collectors.
The lower average efficiency found in Delft reflects the higher reduced temperatures that are reached
in northern European climates.

The monthly thermal and electrical efficiency of high vacuum flat plate PVT collectors in Delft and
Seville are shown in Figures 3.24 and 3.25 respectively. The profiles show good agreement with results
reported by De Luca et al [114] for similar high vacuum flat plate PVT collectors operating at comparable
locations and inlet temperatures of 100 ∘C. Both studies show higher thermal efficiency in summer
months and a consistent electrical efficiency across seasons. Quantitatively, the average annual thermal
efficiencies of the model (26% Delft, 34% Seville) are both 14 percentage points lower than the reference
values from Amsterdam and Naples respectively. Conversely the electrical efficiency is approximately 6
percentage points higher than both reference locations. The primary explanation for both differences
is the higher electrical efficiency under standard test conditions of the modeled PVT cells (23%) than
the reference PVT collector (15%). Through the thermal-electrical coupling of Equation 2.7, the higher
electrical efficiency directly reduces the thermal efficiency by approximately 6 percentage points. The
remaining difference can be attributed to the difference in inlet temperature of the PVT modules
between both studies and differences in the optical and thermal properties between the PVT collectors.
The seasonal profile agreement is considered sufficient validation for energy system simulation purposes.
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Figure 3.24. Thermal and electrical efficiency of the
PVT collectors for Delft.
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Figure 3.25. Thermal and electrical efficiency of the
PVT collectors for Seville.

3.4.2. ATES validation
Experimental validation of the high-temperature ATES model is challenging, as there are currently no
operational systems in the temperature range considered in this thesis. Therefore, this section validates
the ATES through the long-term stability of the system and the shape of the annual ATES curve.

The temperature progression of the warm ATES well during a period of five years is shown in Figure
3.26. These simulations use the Food & Beverage heat demand profile, the weather data for Delft,
and two ATES well pairs designed for an injection volume of 2 ⋅ 105𝑚3 per well. The same annual
weather dataset is applied repeatedly across all simulated years. The upper and lower temperature
limits of the warm well are indicated to illustrate the permissible operating range. Three scenarios
are considered to illustrate the sensitivity of the warm well temperature to collector array size. The
orange line represents the warm well temperature for a collector array of 100,000 ST modules, which
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maintains long-term ATES temperature stability. The blue line depicts a scenario with 80,000 ST
modules, representing conditions of insufficient thermal energy generation. The yellow line represents
a scenario with excess thermal energy generation using 140,000 ST modules.

Figure 3.26. Development of ATES temperatures for three ST collector quantities over a five year period.

As shown in Figure 3.26, each scenario converges to a stable periodic equilibrium that is repeated
annually. This demonstrates that the model remains within ATES temperature boundaries, even under
large yearly surplus and shortage heat generation.

The modeled ATES temperature curve differs somewhat from studies in which spatial groundwater flow
and thermal fronts are explicitly simulated, such as Sheldon et al. [55] and Beernink et al. [52]. In those
studies, the temperature rises sharply to the injection temperature during charging periods, plateaus for
a while, and then declines rapidly as the thermal front reaches the measurement node during discharge.
This difference is attributable to the lumped energy balance approach adopted in this thesis, which
does not consider groundwater flow and spatial thermal fronts. The gradual temperature development,
periodicity and stability of the ATES model is consistent with other lumped energy balance ATES
models, including those of Beijneveld [61] and Van Rossum [80].

Overall, the ATES model demonstrates consistent long-term behavior and produces results comparable
to established lumped energy balance approaches in the literature, providing sufficient confidence for
its application in this thesis.

3.4.3. HP system validation
To validate the HP, COP values are compared to literature to verify that the modeled HP performance
is consistent with existing industrial heat pump technology. In addition, the internal energy balances
of the system are verified to ensure consistency between thermal and electrical energy flows.

Figure 3.27 presents the COP distribution for the 100,000 ST module scenario described in Section 3.4.2,
using the Paper & Pulp heating demand, and the weather data for Delft. The COP of the HP varies
between 2.3 and 4.2, both achieved during Mode I operation when the buffer storage is at minimum and
maximum capacity, respectively. When the Food & Beverage demand input is used the COP increases
to a minimum of 3.3 and maximum of 5.1. This can be attributed to the lower demand temperatures,
which decrease the required Δ𝑇HP. The figure illustrates that the mean COP is higher in summer than
in winter. Additionally, the whiskers of the box-and-whisker plot indicate that each month contains
hours in which the COP deviates significantly from the monthly mean. This can be attributed to short
term weather patterns that deviate from the mean monthly weather.
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Figure 3.27. Monthly COP distribution of the HP for the 100,000 ST module scenario using the Paper &
Pulp heating demand profile, and Delft weather data.

The COP range that is utilized in this thesis shows good agreement with industrial heat pump COPs in
literature. Arpagaus et al. [47] provide a market overview of high temperature industrial heat pumps
with heat sink temperatures between 90 and 160 ∘C. The COPs range from 2.4 to 5.8 for these industrial
heat pumps at temperature lifts between 40 and 95 K. This corresponds well with the performance of
the heat pump in this thesis. Additionally, Marina et al. [16] performed an estimation of the European
market potential for industrial heat pumps operating at sink temperatures between 100 and 200 ∘C,
in which most heat pumps function at a COP between 2 and 6. These studies confirm that the
HP performance modeled in this thesis falls within the range reported for existing high-temperature
industrial heat pump technology. The design of this system uses a steam compression heat pump,
which uses a different type of thermodynamic cycle than the closed-loop heat pumps referenced in this
validation. Nevertheless, the COP ranges reported in the literature provide a reliable benchmark for
achievable industrial HPs performance, which show good agreement with the results of this HP model.

Finally, internal energy balance checks are performed to verify the consistency of the energy accounting
within the model. These checks are applied to the 95,000 ST module scenario described in Section
3.4.2. Firstly, the total energy added to and extracted from the buffer storage are both equal to 343 TJ,
confirming the conservation of energy within the storage component. Furthermore, the total industrial
heat demand is equal to the sum of heat extracted from the buffer storage and ATES combined with
the electrical energy consumed by the HP compressors. Both sides of this balance sum up to 449 TJ
of which 229 TJ is directly extracted from the buffer, 89 TJ is extracted from the ATES system and
131 TJ is consumed by the HP compressors. These energy balance verifications confirm the internal
consistency of the numerical model.

3.5. Conclusion
This chapter has described the development of an integrated energy model that combines the
high-temperature components described in Chapter 2 into a complete industrial process heat supply
system, with multiple operational modes and system configurations (Objective 2). First, six different
system configurations are presented. Subsequently, the five operational sub modes of Configuration 4
and 5 are described. The operational modes are illustrated alongside their governing equations that
describe the energy flows within the system. A control flow chart is also presented, that summarizes the
mode selection logic. Together, these elements provide a comprehensive description of the integrated
numerical model.
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The weather and demand inputs have been described in Section 3.3. The selection of the Food &
Beverage, and Paper & Pulp sectors, as well as the choice of Delft and Seville as representative locations,
are justified based on their relevance to European industrial heat demand and their contrasting climatic
profiles. This is followed by a validation of the individual components and the integrated model. The
modeled solar collector output demonstrates good agreement with values reported in the literature.
Additionally, the seasonal storage is shown to be stable for multiple years, the COP output of the
heat pump model falls within the range common for industrial heat pumps at similar source and sink
temperatures and the internal energy balances of the system are verified, confirming the consistency of
the energy accounting. These validation results provide a solid foundation for interpreting the simulation
results presented in Chapter 4.



Chapter 4

Results and Discussion

This chapter presents the simulation results of the integrated model under varying operating conditions
to examine to what extent medium temperature (130–150 ∘C) industrial heat demand can be
covered by solar energy generation, using high temperature solar thermal (HT-ST), high temperature
photovoltaic-thermal (HT-PVT), and photovoltaic (PV) modules in combination with thermal energy
storage comprising a thermal buffer storage and a seasonal aquifer thermal energy storage (ATES)
system (Objective 3). Additionally, the system size is optimized and an economic analysis is performed
on the developed industrial heating energy system, assessing the economic viability of the system under
varying climate conditions (Objective 4).

The chapter is divided into three sections. The performance of the integrated system is analyzed in
Section 4.1. This section examines the performance of the different configurations introduced in Section
3.1 and highlights the operational performance of Configuration 5 (ST + PV + ATES + batteries)
across a range of scenarios. The results for Configuration 6 are presented in Appendix C.1 and results
of reference Configurations 1–4 can be found in the thesis repository. Section 4.2 aims to optimize
the energy system through varying the individual component quantity. Following this, an economic
analysis is performed in Section 4.3. This analysis aims to determine the economic viability of the
designed industrial energy system compared to a reference natural gas benchmark.

4.1. System performance
This section explores the performance of the integrated energy system. First, the performance results
of the different configurations are analyzed in Section 4.1.1. Subsequently, Section 4.1.2 discusses the
detailed results of Configuration 5 (Figure 3.6) for two distinct locations (Delft and Seville) and two
industries (Food & Beverage, and Paper & Pulp). The simulation results are visualized in weekly and
annual figures highlighting key model outputs including the COP, storage temperature, solar collector
efficiency, power consumption and mode activation. Finally, the section is concluded by presenting the
most important takeaways in Section 4.1.3.

4.1.1. Configurations 1 to 6 comparison
This section aims to find the optimal system configuration based on the total and peak annual
electricity consumption from the grid. The total grid electricity consumption is an important metric
for self-sufficiency of the system. However, the peak energy consumption from the grid is the most
important parameter to secure a grid connection in a congested network. Consequently, peak load
reduction is the primary metric determining the technical feasibility.

In order to compare the configurations, the system size is kept the same across all scenarios evaluated
in Section 4.1. Configuration 6 uses as many PVT modules (190,000) as the PV collectors and ST
modules combined in Configuration 5. This results in some scenarios using sub-optimal system sizes,
such as the Seville scenarios which use an oversized collector field. System sizing input parameters are
presented in Table 4.1. As can be observed in the table, the start date of the simulations is the 1st of
March and the initial warm well temperature is close to the minimum temperature of 90 ∘C. This is

51
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done to prevent result distortion due to the depletion of the ATES during a year, essentially providing a
free energy buffer. March is the first month of the year in which the ST modules yield enough thermal
energy to meet industry demand in properly sized systems. The ATES system can still be charged to a
higher final temperature (above 95 ∘C) after one year, which can distort consumption results compared
to balanced ATES operation. This however, has a smaller influence on the main results including the
peak grid load compared to the opposite scenario where free energy is extracted from the ground.

Table 4.1. System performance study parameters

Parameter Value Electrical capacity Thermal capacity
ST modules 100,000 - 120,000 kWp
PV modules 90,000 41,000 kWp -
PVT modules 190,000 65,000 kWp 168,000 kWp
ATES well pairs 2 - 61,000 MWh
Initial warm well temperature 95 ∘C - -
Buffer storage volume 10,000 m3 - 450 MWh
Number of batteries 10 100 MWh -
Start date 1st of March - -

The performance of the different system configurations is depicted in Figures 4.1 and 4.2. The required
electricity demand from the grid decreases substantially when additional components are introduced,
as illustrated in Figure 4.1. Configurations 5 (ST + ATES + PV + batteries) and 6 (PVT) yield
the best performance, as they integrate an ATES system, batteries, and either ST collectors alongside
PV modules or PVT modules, respectively. The simulation results of Configuration 5 are discussed
in Section 4.1. The simulation results for Configuration 6 using PVT are presented in Appendix C.1
to refine the focus of this chapter. Figures 4.1 and 4.2 show that Configuration 6 is able to slightly
outperform Configuration 5. This shows the technical potential of PVT collectors for high temperature
applications. Furthermore, the Seville results are better than those in Delft, which is attributable to
the higher annual irradiance in Seville compared to Delft.

Another notable result is the slight increase in grid consumption in Configuration 3 in Seville, which
is caused by the ATES being charged to 140 ∘C at the end of the year. This phenomenon is further
discussed in Section 4.1.2. Furthermore, Seville achieves near zero grid energy consumption for both
industry types, demonstrating the systems potential to operate fully independently of the grid in Seville.
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Figure 4.1. Annual grid electricity consumption for different system configurations. Config. 1: Resistive
heater, Config. 2: ST with HP, Config. 3: ATES, Config. 4: PV. Config. 5: Battery, Config. 6: PVT.
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Configuration 5 and 6 generally show the highest reduction in peak grid electricity demand, as depicted
in Figure 4.2. With Configuration 6 again showing a slightly better performance. Peak load reductions
are relatively smaller than reduction in total grid consumption in all configurations. This is most
evident in Configuration 5 for the Seville Paper & Pulp scenario where total energy consumption
decreases by 99% but peak load only by 57%. This can be attributed to the fact that individual hourly
peaks have a disproportionate influence on the peak load metric while contributing negligibly to the
total annual consumption. The aforementioned mechanism causes peak load reduction to be more
challenging compared to a reduction of total annual electricity consumption.

Additionally, reference Configuration 3 sees a very large increase in peak load for all scenarios. This
is caused by large surplus thermal energy generation in Mode II during peak irradiance. This surplus
thermal energy is converted into steam using the HP before the heat is transferred to the ATES causing
high electricity peaks. When PV modules are added in the correct ratio relative to ST modules, the PV
generation can offset these electricity demand peaks, which explains the reduction in peak load observed
in reference Configuration 4. The results of Configuration 4 in the Seville Paper & Pulp scenario show
what happens when the ST and PV modules are not in the right ratio. In this scenario there are not
enough PV modules to cover the surplus electricity demand, resulting in high grid consumption during
surplus thermal generation for Seville compared to Delft.
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Figure 4.2. Annual peak grid electricity consumption for different system configurations. Config. 1: Resistive
heater, Config. 2: ST with HP, Config. 3: ATES, Config. 4: PV. Config. 5: Battery, Config. 6: PVT.

4.1.2. Simulation highlights
This section presents the weekly and annual operation of the energy system of Configuration 5 (ST +
ATES + PV + batteries). The simulation results of Configuration 6 (PVT) are depicted in Appendix
C.1. The simulation highlights of reference Configurations 1–4 are not presented within the report
but are included in the thesis repository. First, the results of the Delft Food & Beverage scenario are
discussed. These are presented through a collection of figures showing the energy flows, operating
temperatures, module efficiency, and COP. Following this, simulation results for the other three
scenarios are presented, highlighting the results that deviate from the Delft Food & Beverage scenario.
Simulation results of Configuration 5, not presented in this chapter are also available in the thesis
repository.
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•Food & Beverage Delft
The Food & Beverage industry is characterized by a demand profile with daily peaks (see Figure 3.17)
and a demand temperature of 130 ∘C. There is a large seasonal imbalance in irradiance in Delft, where
average summer months receive 6.6 times as much irradiation. The thermal efficiency of the ST collectors
(purple) and electrical efficiency of the PV modules (yellow) are presented in Figure 4.3. Figure 4.3a
presents hourly efficiency values for three seasonally distinct weeks, for which the hourly weather data
is presented in Figure 3.20. The weekly average efficiencies over a full year are presented in Figure 4.3b.
Other figures presented in this section follow the same approach, presenting three weeks throughout the
year on the left and annual daily/weekly averages on the right. The weekly average efficiency presented
in the annual figure is irradiance weighted to avoid over representation of low irradiance hours. The
PV efficiency remains stable around 21–22% throughout the year, resulting in a total annual electrical
yield of 269 kWh/m2. The electrical efficiency exhibits only minor fluctuations as a result of varying
ambient temperature and incoming irradiance. In contrast, the ST efficiency exhibits large seasonal
fluctuations, averaging 40–50% in summer and 15–40% in winter. Such behavior can be attributed to
rapid increases in reduced temperature, for the ST collectors with high operating temperatures under
low irradiance conditions. This high sensitivity to irradiance is also visible in the daily curves where
the thermal efficiency remains zero during the first and last hour of sunlight while the PV modules
generate electricity. At these hours the reduced temperature is too high to extract heat from the ST
collectors and water circulation from the buffer storage to the collectors is stopped. For some winter
days the irradiance is too low to extract any heat at all. However, due to high efficiency during spring
and summer months the total annual thermal yield totals 500 kWh/m2.
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Figure 4.3. Thermal and electrical efficiency of ST and PV respectively for the Delft Food & Beverage
scenario.

Figure 4.4 illustrates the activation of operational modes throughout the year. Mode I (Balanced)
dominates system operation with 6663 annual hours, during which industrial heat demand is met from
the buffer storage. Mode IIIA (discharging - 2343 hours) is activated predominantly in winter when
solar irradiance is insufficient to meet industry demand. Conversely, Mode IIA (charging - 714 hours)
operates during summer when surplus ST generation is available for ATES charging. The absence
of Mode IIB (ST curtailment) and Mode IIIB (backup resistive heater) activation confirms that the
system is appropriately sized for this scenario, since usage of these modes should be minimized for
optimal system performance.
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Figure 4.4. Activation of operational modes for the Delft Food & Beverage scenario.

Figure 4.5 presents the storage temperature of the thermal buffer storage (red) and the warm ATES
wells (black). During winter weeks the buffer storage temperature is consistently at or slightly above
the minimum temperature limit of 80 ∘C (see Figure C.3a). The buffer storage temperature in spring
and summer remains close to its maximum of 120 ∘C. However, during these months larger temperature
fluctuations are observed, corresponding to sunny and cloudy days (see Figure 4.5b). The HT-ATES
temperature is considerably more stable only changing slowly throughout the year. The ATES is charged
from 95 to 138 ∘C from April to August and depleted from 138 ∘C back to its initial temperature from
October to February. The ATES is cycled through a large fraction of its total allowable temperature
range from 90 to 150 ∘C.

7850 7900 7950 8000

80
100
120
140
160

T
em

pe
ra

tu
re

 [°
C

]

Winter Week

1100 1150 1200 1250

80
100
120
140
160

T
em

pe
ra

tu
re

 [°
C

]

Spring Week

3650 3700 3750 3800
Time [hour of the year]

80
100
120
140
160

T
em

pe
ra

tu
re

 [°
C

]

Summer Week
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Figure 4.5. Temperature of the buffer storage and warm ATES well for the Delft Food & Beverage scenario.
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System COP (green) is depicted in Figure 4.6, defined as heat delivered to industry or ATES divided
by the combined electricity consumption of the HP and hydraulic pumps. The annual average COP
is 4, with significant hourly and seasonal fluctuations. These are strongly correlated with the storage
temperatures presented in Figure 4.5. During summer, the COP corresponds closely to the buffer
storage temperature while in winter the COP follows the downward trend of the warm well storage
temperature. The steep decrease in COP from 5 to 3 visible in the spring and summer week (see Figure
4.6a), result from surplus generation. During which, the HP switches to 160 ∘C steam generation to
charge the ATES, instead of the 130 ∘C steam required by the Food & Beverage industry. The resulting
increase in temperature lift of the HP leads to a significant decrease in the COP.
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Figure 4.6. System COP for the Delft Food & Beverage scenario.

Power consumption during different modes is depicted in Figure 4.7. The total power consumption of
Mode I (balanced) and III (discharging) show a negative correlation where Mode I is mainly used during
summer and Mode III is mainly used during winter (see Figure 4.8b). The highest energy consumption
(40 MW) takes place during surplus operation of Mode II (charging), significantly more than the 14
MW maximum required for industrial heat supply (see Figure 4.8a). This poses a challenge for HP and
heat exchanger sizing which could possibly be resolved by spreading surplus generation over the day to
reduce the high peaks. Over the course of a year the ATES is charged by 119 TJ from which 89 TJ
is recovered (Mode IIIA). The gap between injected and recovered heat is 29 TJ, corresponding to the
heat loss to the ground.
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Figure 4.7. Electricity consumption of Mode I, Mode II, and Mode III for the Delft Food & Beverage
scenario.

The total electricity demand across all modes presented in Figure 4.7 is 157 TJ. This encompasses the
HP consumption and the electricity required by the hydraulic pumps. Figure 4.8 shows the weekly and
annual electricity demand (purple), PV generation (yellow), and grid consumption (blue). There are
high electricity demand peaks in demand (40 MW) during the summer, when the ATES is charged by
excess generation of the ST due to high irradiance (see Figure 4.7a). Since the surplus ST generation
coincides with high PV generation these peaks can be covered and no grid consumption is required in
summer. The grid consumption in this scenario takes place in winter when the PV generation is low
(see Figure 4.8b) and decreasing storage temperatures result in higher electricity demand through COP.
Annual PV generation yields 174 TJ, exceeding total demand by 17 TJ. However, due to a seasonal
mismatch not all generated electricity can be used, resulting in a total grid electricity consumption of
25 TJ and a peak load of 12 MW.
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Figure 4.8. Electricity demand, generation and grid consumption in the Delft Food & Beverage scenario.



4.1. System performance 58

•Paper & Pulp Delft
Next the Paper & Pulp industry results are presented, characterized by a continuous demand of 150
∘C (see Figure 3.17). The ST and PV efficiencies of the Delft Paper & Pulp scenario deviate less
than 1% compared to the Delft Food & Beverage scenario, since weather conditions and buffer storage
temperatures are comparable. Therefore Figure 4.3 presents an accurate indication of solar collector
efficiencies in this scenario. The operational modes follow a similar pattern to the Food & Beverage
industry, where the ATES is charged (Mode IIA) during the summer and discharged in winter (Mode
IIIA).

Figure 4.9 presents the storage temperatures of the buffer storage and ATES for the Paper & Pulp
industry. A sawtooth pattern can be recognized in the weekly buffer storage temperature. This pattern
is a result of the continuous energy demand in this scenario, depleting the buffer storage from 120 to
105 ∘C during the night of spring and summer weeks (see Figure 4.9a). Figure 4.9b shows that the warm
well temperature at the end of the year is 105 ∘C which is 10 ∘C higher than the initial temperature
at the start of the year. This can be attributed to higher demand temperature of the Paper & Pulp
industry, resulting in a lower system COP. Consequently the fraction of heat extracted from the buffer
storage and ATES per unit of heat delivered to industry is reduced. This results in an imbalance of
thermal generation and consumption throughout the year, since ST generation remains similar.
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Figure 4.9. Temperature of the buffer storage and warm ATES well for the Delft Paper & Pulp scenario.

The lower COP achieved by the Paper & Pulp industry as a result of the higher demand temperature
of 150 ∘C, is illustrated in Figure 4.10. The average COP decreases from an annual average of 4 in the
Food & Beverage scenario to an average of 3.2 in the Paper & Pulp scenario, as presented in Figure
4.10b. Consequently, the HP electricity consumption for this industry is significantly increased to 192
TJ, compared to 157 TJ for the Food & Beverage industry. During winter operation with an almost
empty buffer storage COP approaches 2, whereas the minimum COP for the Food & Beverage industry
was 2.6.
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Figure 4.10. System COP for the Delft Paper & Pulp scenario.

Total electricity consumption of Mode I (balanced), Mode IIA (charging), and Mode IIIA (discharging)
follow a similar pattern to the Food & Beverage scenario. The summer consumption is characterized
by high Mode IIA electricity loads while most Mode IIIA consumption is concentrated in winter when
irradiance is low. The total electricity demand of these three modes adds up to 192 TJ (152 TJ for Food
& Beverage) and is presented in Figure 4.11 by the purple line. This is 18 TJ more than the annual PV
electricity generation of 174 TJ. Figure 4.11a shows that demand peaks exceed PV generation in spring
and summer and that PV generation regularly falls short of demand in winter. This results in a total
grid electricity consumption of 41 TJ, 64% higher than that for the Food & Beverage industry. However,
maximum peak load (7 MW) is 50% lower than the resistive heater reference and 42% lower than that
of the Food & Beverage industry. The lower peak load is caused by continuous demand spreading
grid electrical energy consumption over a larger number of hours. In this scenario there is occasional
grid consumption during summer months (see Figure 4.11b), these coincide with the highest irradiance
hours when PV cannot cover all Mode IIA (charging) consumption. The total grid consumption during
summer months is 1.8 TJ during summer months, while the Food & Beverage operated independently
of the grid during the summer.
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Figure 4.11. Electricity demand, generation and grid consumption in the Delft Paper & Pulp scenario.

•Food & Beverage Seville
The weather conditions in Seville are characterized by a high annual irradiation of 2148 kWh/m2

(compared to 1243 kWh/m2 in Delft), low seasonal variation in irradiation (2 times as much irradiation
in summer compared to winter compared to 6.6 for Delft), and a high average ambient temperature
of 19 ∘C (compared to 11 ∘C in Delft). The thermal and electrical efficiency of the ST collectors and
PV modules in Seville are presented in Figure 4.12. The corresponding weather data for the weeks
presented in Figure 4.12a can be found in Figure 3.21. The PV efficiency remains stable at 20–22%
throughout the year (see figure 4.12a), with a slight dip during summer attributable to higher module
temperatures. The annual PV module yield is 455 kWh/m2, a 69% increase compared to Delft as
a result of the 73% higher annual irradiation. However, the ST collector output of 1071 kWh/m2 is
disproportionally large (114% higher compared to Delft). This is because the higher irradiance allows
the ST collectors to operate at a higher efficiency. The average annual irradiance weighted thermal
efficiency is 50% in Seville, significantly higher than the 40% in Delft (see Figure 4.12b). Furthermore,
seasonal efficiency trends are less pronounced with the highest weekly average being 54% in summer
and the lowest being 40% during winter. The ST collectors demonstrate peak hourly efficiency up to
60%, even during a winter week. This demonstrates the technical advantage of ST collectors for low
latitude locations with high year-round irradiance.
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Figure 4.12. Thermal and electrical efficiency of ST and PV respectively for the Seville Food & Beverage
scenario.

Comparatively high annual irradiance in Seville results in large surplus generation and eventually
curtailment, as depicted in Figure 4.13. Throughout the year, Mode IIA (curtailment) is active for
a total of 2363 hours, corresponding to 297 TJ of curtailed ST energy. Even in winter weeks with
comparatively low irradiance, ST curtailment takes place daily (see Figure 4.13a), suggesting the system
is significantly oversized. In contrast, Mode IIIA (discharging) is used only sparingly (37 hours), during
weeks with exceptionally low irradiance. This indicates a minimal reliance on seasonal storage in this
climate. The ATES is charged for a total of 623 hours before reaching full capacity in May, after which
further surplus ST generation is curtailed.
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Figure 4.13. Activation of operational modes for the Seville Food & Beverage scenario.
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Figure 4.14 depicts the temperatures of the thermal energy storage in the buffer and warm well. The
buffer storage has an average annual temperature of 115 ∘C (17 ∘C higher than Delft) and consistently
remains close to its maximum temperature of 120 ∘C during winter, spring, and summer (see Figure
4.14a). During winter the buffer storage experiences occasional temperature dips during periods with
lower irradiance, as can be seen by the dips in average daily storage temperatures in Figure 4.14b.
A significant rise in warm well temperature is visible during the first four months until the ATES
temperature reaches 150 ∘C maximum.
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Figure 4.14. Temperature of the buffer storage and warm ATES well for the Seville Food & Beverage
scenario.

Due to an oversized ST array the average storage temperatures of the buffer and ATES are high. These
elevated storage temperatures decrease the temperature lifts in the HP and consequently result in high
COP values. During the first few months the COP fluctuates between 2.9 and 5 (see Figure 4.15a),
resulting in an average daily COP of approximately 4.3 for the months in which the ATES is charging.
After this the system operates with a COP of approximately 5 for most of the year resulting in an annual
average COP of 4.7. Exceptions are visible when the buffer storage temperature decreases during low
irradiance periods in winter and autumn. The lowest daily average COP is 3.6 and can be found in
October during a period with relatively low irradiation.



4.1. System performance 63

7850 7900 7950 8000

2

4

6
C

O
P

 [-
]

Winter Week

1100 1150 1200 1250

2

4

6

C
O

P
 [-

]

Spring Week

3650 3700 3750 3800
Time [hour of year]

2

4

6

C
O

P
 [-

]

Summer Week

(a) Simulation results for three weeks

M
ar Apr

M
ay Ju
n Ju
l

Aug Sep Oct
Nov Dec Ja

n
Feb

Time [days]

2

2.5

3

3.5

4

4.5

5

5.5

C
O

P
 [-

]

 Food & Beverage Delft
Average COP = 4   

COP system

(b) Annual simulation results

Figure 4.15. System COP for the Seville Food & Beverage scenario.

Figure 4.16 shows the electricity consumption of the different operational modes. The curtailment of
ST generation is not depicted since it does not require electrical energy consumption. Mode I (balanced)
maintains a stable average power consumption of 3 MW of electricity throughout the year, since Mode
IIIA (discharging) is used sparingly (see Figure 4.16a). Mode IIA operation consumes 50 TJ of electrical
energy during the first 4 months of the year to charge the ATES. Resulting in a total 181 TJ of heat
being injected into the ATES, while only 1.6 TJ is extracted, resulting in the significant annual increase
from 95 to 150 ∘C of the warm well temperature. The very low extraction of 1.6 TJ suggests that ATES
deployment might not be strictly necessary in southern European climates. The total contributions of
HP and hydraulic pump performance result in an annual electricity demand of 141 TJ, 16 TJ less than
the Delft Food & Beverage scenario.
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Figure 4.16. Electricity consumption of Mode I, Mode IIA, and Mode IIIA for the Seville Food & Beverage
scenario.
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The total electricity demand of the Food & Beverage in Seville is 142 TJ of which half (71 TJ) is
consumed during the first 3 months. After these first three months the ATES is fully charged and the
daily electricity demand averages around 3 MW. In Seville the total PV generation is 295 TJ, more
than twice the annual electricity demand. This results in the Seville Food & Beverage system operating
completely independently from the electricity grid, as illustrated by the blue line (grid consumption)
in Figure 4.17a and 4.17b. The high difference in annual PV generation to electricity consumption,
and significant ST curtailment of 297 TJ suggest that the system is oversized and the number of solar
collectors could be reduced.
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Figure 4.17. Electricity demand, generation and grid consumption in the Seville Food & Beverage scenario.

•Paper & Pulp Seville
The Paper & Pulp industry in Seville is characterized by the same continuous (150 ∘C) steam demand
as the Paper & Pulp industry in Delft. Furthermore, the weather data is the same as for the Seville
Food & Beverage scenario, resulting in average electrical and thermal efficiencies of the solar collectors
to be accurate within 1% to those displayed in Figure 4.12. This scenario also experiences significant
Mode IIB (curtailment) operation, totaling 2427 hours starting at the end of May. The total Mode IIIA
operation is 43 hours, comparable to the 37 hours in the Food & Beverage industry. Figure 4.13 gives a
good approximation of the mode utilization of this scenario. The average daily storage temperatures in
Figure 4.14b give a good approximation for the storage temperatures in this scenario. The only change
is that the daily averages of the buffer storage are slightly lower due to nightly depletion, comparable
the pattern in Figure 4.9a. This is a result of the continuous demand profile of the Paper & Pulp
industry.

The system COP of this scenario is similar in shape to the one seen in the Food & Beverage industry in
Seville. Due to nightly reduction in buffer storage temperature, a sawtooth pattern can be recognized
in winter and summer weeks (see Figure 4.18a). During these weeks COP is reduced from 4 during the
day to 3.5 during the night. The highlighted spring week COP shows a different pattern, where nightly
depletion is followed by a sharp increase and then a significant decrease to 2.8. These results are cause
by the switch from Mode I (balanced) to Mode IIA (charging) operation, since charging the ATES
requires 160 ∘C steam. Furthermore, the average COP decreased from 4.7 in the Food & Beverage
industry in Seville to 3.7 in this scenario. However, this is significantly higher than that of Delft Paper
& Pulp scenario, averaging a COP of 3.2 (see Figure 4.18b).
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Figure 4.18. System COP for the Seville Paper & Pulp scenario.

The electrical power consumption is close to that seen the Food & Beverage industry in Figure 4.16.
The main two exceptions are the daily power consumption, which follows a continuous demand profile
instead of the daily peaks depicted in Figure 4.16a, and the higher daily average Mode I (balanced)
consumption (3.8 MW compared to 3.0 MW) as a result of the lower COP.

The total electricity demand when combining all modes is 169 TJ, while total electricity generation
by the PV modules totals 295 TJ. Although the electricity generation far outweighs the demand,
grid consumption takes place during 332 hours. During spring weeks, demand regularly exceeds PV
generation (see Figure 4.19a) due to high surplus ST generation. Additionally, grid consumption is
present during a few days from August to February, as illustrated in Figure 4.19b. These days coincide
with periods of relatively low irradiance, during which both PV generation and the buffer storage
temperature are low. This results in a higher electrical demand through the lower COP which cannot
be covered by PV generation. Throughout the whole year grid consumption only adds up to 4 TJ, a
99% reduction compared to the resistive heater reference. However, peak load is only reduced by 59%
from 14 MW to 6 MW. The relatively high reduction in total consumption compared to peak load can
be attributed to a small amount of consumption hours throughout the year. It should be noted that full
grid independence can be achieved with a modest increase in system size through additions of 10,000
PV modules and ten batteries. Alternatively, the system can function fully grid independent if 3% of
industry demand is curtailed.
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Figure 4.19. Electricity demand, generation and grid consumption in the Seville Paper & Pulp scenario.

4.1.3. Main takeaways system performance
The simulation results show that Configuration 5 (ST + PV + ATES + battery) and Configuration 6
(PVT + ATES + battery) outperform other configurations in both the total grid consumption and peak
load reduction. Configuration 6 slightly outperforms Configuration 5, demonstrating technical potential
of HT-PVT collectors. Detailed simulation results for Configuration 6 can be found in Appendix C.1.
Furthermore, the results show that the Paper & Pulp industry presents a larger challenge to decarbonize
than the Food & Beverage sector. This can be attributed to the higher steam temperature that is
required, reducing the COP. Additionally, the continuous demand of the Paper & Pulp industry results
in heat demand during the night when no sunlight is available. This provides an additional challenge
for the system to supply the industrial heating demand. Seville consistently outperforms Delft due to
higher annual irradiance and reduced seasonal irradiance fluctuation. Configuration 3 (ST + ATES, no
PV) demonstrates higher peak load consumption compared to system Configuration 2 (ST only). This
is attributable to uncompensated electricity spikes during surplus operation.

The most important simulation highlights can be summarized as follows:

• Delft Food & Beverage: Grid consumption of 25 TJ is concentrated in winter when PV generation
is low. The ATES is charged to 138 ∘C during April to August and depleted during October to
February in a stable annual cycle returning to its initial temperature of 95 ∘C. The electrical
efficiency of the PV modules remains stable around 21–22% year round. The thermal efficiency
of the ST collectors averages 40–50% daily in summer and 15–40% daily in winter, yielding 500
kWh/m2 annually.

• Delft Paper & Pulp: Higher demand temperature of 150 ∘C reduces average COP from 4 in the
Food & Beverage industry to 3.2, thereby increasing electrical demand from 157 to 192 TJ. The
reduction in thermal extraction from storage results in a net annual heat surplus in the ATES,
with the warm well temperature finishing at 10 ∘C above its initial temperature. The peak load
of 7 MW is 42% lower than that of the Food & Beverage industry due to the continuous demand
profile. However, total electricity grid consumption is 64% higher.

• Seville Food & Beverage: The system operates fully independent of the grid, with total PV
generation of 295 TJ against a total electricity demand of 142 TJ. The ATES reaches its maximum
temperature after four months, after which a surplus thermal energy generation is curtailed for
2363 hours annually. This indicates that the system is oversized for a Seville Climate. Due to
the higher irradiance and ambient temperatures the average annual ST thermal efficiency is 50%,
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yielding 1071 kWh/m2, compared to 500 kWh/m2 in Delft.
• Seville Paper & Pulp: The system is close to full grid independence with grid consumption of

4 TJ, a reduction of 99.1% compared to the resistive heater reference. Grid consumption is
concentrated in 332 hours annually during periods of comparatively low irradiance for a Seville
climate. Through modest additions of 10,000 PV modules, ten batteries or minimal demand
curtailment of 3%, full grid independence can be achieved. The average COP is 3.7, compared to
3.2 for the Delft Paper & Pulp scenario.

Overall, the proposed energy system provides a technically feasible avenue to reduce total grid
consumption and peak grid load consumption. Thereby creating opportunities for energy intensive
industries to decarbonize without exacerbating grid congestion issues. The results demonstrate a strong
influence of climate conditions on the system performance, and the need for individual system sizing
based on location and industry.

4.2. Optimization
This section aims to find the optimum system sizing for Configuration 5 under different scenarios.
Results of Configuration 4 are implicitly presented through results of configurations without batteries.
The results are evaluated based on the solar fraction and the reduced peak load. If the goal is to
minimize CO2 emissions, the solar fraction is the most relevant metric. However, if the goal is an
electricity grid connection in a congested network peak load reduction is most relevant.

The solar fraction is defined as the total reduction in grid consumption compared to Configuration
1 (Resistive heater) over the total electricity demand of Configuration 1. Where a solar fraction of
1 indicates that the system is fully grid independent and a solar fraction of 0 indicates no reduction
of grid electricity consumption compared to the resistive heater reference. This is also the case for
the reduced peak load reduction where 1 means that the there is no grid consumption and 0 means
that no reduction in peak load is achieved compared to the reference. Negative values mean that the
system requires a higher peak load than the reference Configuration 1. Peak load reduction is more
challenging as this requires (stored) solar energy to be available for every hour of the year. For full grid
independence, both the solar fraction and peak load reduction are equal to 1.

First, the optimal ratio of ST to PV is determined in Section 4.2.1. Subsequently, the performance
sensitivity to individual component quantities is discussed in Section 4.2.2. Finally, a four-dimensional
parameter heatmap is presented in Section 4.2.3 to identify the optimal system configuration.
Additionally, an optimization for Configuration 6 is presented in Appendix C.2. This analysis examines
if the total surface area of the solar collectors can be reduced when replacing the ST and PV arrays
with PVT collectors.

4.2.1. Optimal ST/PV ratio
One of the most important parameters in the system is the ratio between ST collectors to PV modules
in the system. Due to varying weather conditions and industrial demand requirements, the optimal
ratio varies significantly between scenarios. Figure 4.20 presents the reduced consumption and peak
power consumption of a range of ST fractions. For these simulations a total of 190,000 combined ST
collectors (1200 kWp) and PV modules (460 kWp) is used. The Food & Beverage industry requires a
slightly higher ST fraction since its lower operating temperature (130 ∘C compared to 150 ∘C) yields a
higher COP. A higher COP means a larger fraction of the total heat delivered to industry originates
from the thermal source rather than from electrical work, increasing the relative demand for thermal
generation from the ST collectors. The Seville scenarios perform better at lower ST fractions due to
the high irradiance and temperatures throughout the year, resulting in a higher ST collector efficiency.
These decrease the reduced temperature and therefore increase thermal output while the electric output
of the PV is not affected much. The optimum ST fraction is: 0.55 for Food & Beverage Delft (blue line),
0.50 for Paper & Pulp Delft (red line), 0.40 for Food & Beverage Seville (yellow line), and 0.30 for Paper
& Pulp Seville (purple line). It should be noted that the optimal ST fraction may increase slightly for
smaller total collector quantities, where the impact of additional ST collectors is more significant.
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(b) Influence ST fraction on peak load.

Figure 4.20. Optimal performing ST fraction for different scenarios.

4.2.2. Component quantity optimization
The following figures present the system performance for varying individual component quantities to
identify the optimal system sizing. First, Figure 4.21 illustrates the system performance for a varying
quantity of ST collectors (1200 kWp) and PV modules (460 kWp). The different scenarios use different
ST fractions corresponding to the optima that have been determined in Section 4.2.1. Beyond 80,000
and 180,000 solar collectors, for the Seville (yellow and purple lines) and Delft (blue and red lines)
scenarios respectively, the solar fraction demonstrates only marginal improvements (see Figure 4.21a).
To achieve a peak load reduction a larger amount of modules is required for the Seville industries, as
shown in Figure 4.21b. The Paper & Pulp industry requires 130,000 modules to achieve a 50% peak load
reduction and full grid independence is only approached at 250,000 modules. For both Delft industries
significant peak load reductions (60% for Food & Beverage, and 50% for Paper & Pulp) are achieved
from 180,000 solar collectors onward, but only marginal additional peak load reductions are achieved
when increasing the collector count to 250,000.
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(a) Solar fraction for varying collector quantities.
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(b) Peak load reduction for varying collector quantities.

Figure 4.21. System performance for varying collector quantities and scenarios.

Figure 4.22 presents the performance of the different configuration at different well pair quantities.
Each additional ATES well provides a seasonal storage capacity of 55 TJ when cycled through its full
temperature range, which is 12.5% of the total industrial heating demand. For the Delft scenarios,
180,000 modules are used with a ST fraction corresponding to each specific scenarios optimum (see
Section 4.2.1). This collector count is the minimum collector quantity to achieve a 50% peak load
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reduction for both industries in Delft. The Delft scenarios (blue and red lines) achieve a large increase
in solar fraction (≈0.75 to ≈0.9) with the addition of one well pair, as shown in Figure 4.22a. However,
for peak load reduction 2 well pairs are required (see Figure 4.22b). Adding additional well pairs slightly
reduces system performance since the additional capacity is not utilized, resulting in lower average warm
well temperatures.

For Seville 130,000 collectors are used with the optimal ST fraction for each scenario. This is the
minimum number of modules required to reach 50% peak reduction for both Seville scenarios. For
the Seville scenarios (yellow and purple line) the optimum number of well pairs is one. However, the
achieved solar fraction is high even when employing zero well pairs (no ATES), as shown in Figure
4.22a. This suggests that modest increases in buffer storage size, number of batteries or number of solar
collectors may be sufficient to reach significant peak load reductions. Alternatively, modest demand
curtailment could be employed in Seville to reduce peak load for smaller system sizes. These alternatives
are especially critical when local geological conditions do not favor ATES employment in southern
European locations.
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(a) Solar fraction for varying ATES well pair quantities.
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(b) Peak load reduction for varying well pair quantities.

Figure 4.22. System performance for varying ATES well pair quantities and scenarios.

Figure 4.23 shows the sensitivity to an increasing number of batteries (10 MWh per battery). In terms
of total reduced consumption the first ten batteries are most impactful for all scenarios. The sensitivity
of the reduced peak load depends strongly on the scenario. Whereas the Delft scenarios (blue and red
lines) show no meaningful peak load reduction when employing up to 40 batteries, the Seville scenarios
show a large decrease in peak load with increasing battery capacity (see Figure 4.23b). Increasing the
number of batteries to 15 enables the Seville Food & Beverage scenario (yellow line) to achieve full grid
independence. The Seville Paper & Pulp scenario (purple line) requires 35 batteries to become fully
grid independent. These relatively modest battery quantities are sufficient to bridge short periods of
low irradiance that occur even in southern climates. In contrast, the Delft scenarios would require a
considerably larger number of batteries (in excess of 40) to bridge the substantially longer and more
severe winter shortage period. This suggests batteries are an effective tool in Seville to achieve full grid
independence but are insufficient for grid independence in northern European climates. However, to
reduce total grid consumption a relatively small amount of batteries (up to 10) can make a significant
impact in both climates (see Figure 4.23a).
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(b) Peak load reduction for varying battery quantities.

Figure 4.23. System performance for varying battery quantities and scenarios.

4.2.3. System size heatmap
This section provides a four-dimensional heatmap illustrating the performance of the energy system
using different system sizes. The heatmap presents varying system size combinations for a range of
solar collector (ST and PV), battery, and ATES well pair quantities. The quantities presented in the
heatmap are based upon the results of the one-dimensional analysis in Section 4.2.2. For each scenario
the ST and PV ranges are scaled according to the optimal ST fraction. The heatmaps include zero,
one and two well pairs, corresponding to the range of wells that resulted in performance improvements
in the one-dimensional optimization. The heatmap also uses zero, ten, and thirty batteries, capturing
the range with the most performance improvements, as depicted in Figure 4.23. The heatmaps for the
Paper & Pulp industry scenarios are presented in the repository.

The four-dimensional heatmap depicting the solar fraction of the Delft Food & Beverage scenario based
on system size is depicted in Figure 4.24. The heatmap shows that the number of ST collectors and
ATES well pairs have the largest influence on system performance. As expected there is a general
positive solar fraction trend as a result of larger system sizes. Furthermore, the impact of going from
zero to ten batteries (Capacity = 100 MWh) and going from zero to one well pair (capacity = 55 TJ)
is much larger than additional increases after. This illustrates that small energy storage solutions can
have a disproportionately large impact on the solar fraction. The solar fraction is not significantly
affected when going from 100,000 to 125,000 ST collectors. This suggests that increasing the ST
collector quantity yields diminishing returns beyond 100,000 collectors (120,000 kWp). Furthermore,
the marginal impact of additional PV modules is larger for larger ST collector fields. This illustrates
the synergy of ST and PV which works optimally when both are available in this system.
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Figure 4.24. Heatmap Delft Food & Beverage total consumption.

The peak load reduction for the Delft Food & Beverage scenario is depicted in Figure 4.25. Peak load
reduction is only achieved for a select few scenarios and is significantly more difficult to achieve than
reducing total grid consumption. Only systems with more than 100,000 ST collectors and two ATES
well pairs realize peak load reduction. When fewer ST collectors or well pairs are used the system is
not able to provide thermal energy year round and Mode III B (Resistive heater) has to be activated.
When enough ST collectors and well pairs are available the number of PV modules is very important
for the system performance. When the ratio of PV modules to ST collectors is too small, not enough
electricity is generated during surplus operation. This results in high peak loads that are not covered by
self generated electricity. This effect is especially pronounced when 125,000 ST collectors are employed.
The peak grid load increases when more ST collectors are added. Combining 125,000 ST collectors and
50,000 PV modules actually increases peak loads compared to Configuration 1 (Resistive heater). To
some extent these issues can be mitigated through a more complex control strategy, limiting the ST
thermal output generation based on available electrical energy from the PV modules and the batteries.
The number of batteries has a comparatively small influence on the peak load reduction. Achieving full
grid independence in the Delft Food & Beverage scenarios requires impractically large system size. To
become fully grid independent the system requires 100,000 ST collectors, 250,000 PV modules, two well
pairs and 50 large batteries. Such a system size is considered impractical and is therefore not included
in optimization and economic analysis.



4.2. Optimization 72

Figure 4.25. Heatmap Delft Food & Beverage peak load.

A heatmap of the solar fraction for different component quantities in the Seville Food & Beverage
scenario is presented in Figure 4.26. The heatmap depicts much higher solar fractions than those of
the Delft Food & Beverage scenario despite the lower solar collectors quantities. The number of well
pairs has a negligible impact on the total grid consumption of the system. Conversely, solar fraction
decreases in some scenarios when additional well pairs are introduced, due to an increased electrical
demand as a result of excessive ATES charging. The system is more sensitive to battery quantity
compared to the Delft Food & Beverage scenario. In particular, increasing the number of batteries
from zero to ten yields a large increase in solar fraction. High solar fraction can already be achieved
with relatively low quantities of PV and ST of 30,000 and 45,000 respectively. The heatmap also shows
many combinations that have a 100% solar fraction. Due to the higher irradiation and smaller seasonal
differences the system achieves grid independence for much smaller system sizes compared to the Delft
scenario.

Figure 4.26. Heatmap Seville Food & Beverage total consumption.

Figure 4.27 shows a heatmap of the peak load reduction in the Seville Food & Beverage scenario. A
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peak load reduction is demonstrated from 45,000 ST collectors (54,000 kWp) and higher and for most
configurations one well pair is required to see significant peak load reductions. The number of PV
modules has a moderate influence on the peak load reduction. However, significant gains can be found
when increasing PV modules from 45,000 to 60,000. In this scenario, the number of batteries has a large
influence on peak load reduction. With many combinations being able to function fully independent of
the grid when 30 industrial size batteries (300 MWh) are employed. Using large-scale battery storage
also enables the system to reduce peak load consumption without requiring an ATES system in some
scenarios when large numbers of solar collectors are employed. This is a promising result for southern
European locations for which the geological conditions are not suitable for ATES implementation.

Figure 4.27. Heatmap Seville Food & Beverage peak load.

4.2.4. Main takeaways optimization
The optimization study demonstrates the importance of system sizing in achieving a high grid fraction
and in particular for reducing peak grid loads. The most important takeaways are summarized as
follows:

ST/PV ratio
The optimal ST fraction varies by scenario: 0.55 for Delft Food & Beverage, 0.50 for Delft Paper &
Pulp, 0.40 for Seville Food & Beverage and 0.30 for Seville Paper & Pulp. These differences can be
attributed to two factors, the weather conditions and the demanded steam temperature. The Seville
climate requires fewer ST collectors relative to PV modules since the average thermal efficiency of the
ST collectors in Seville is higher. The average PV electrical efficiency is slightly lower due to higher
ambient temperatures. These factors cause a shift in the optimal ST fraction.

Higher industrial demand temperatures decrease the COP of the system. As a result the electrical energy
demand of the HP increases and the thermal extraction from the storage decreases. Consequently, the
optimal ST fraction is lower for the Paper & Pulp industry than for the Food & Beverage industry.
More PV modules are required and fewer ST collectors.

At high ST fractions the peak load reduction can become negative due to high surplus heat generation
during summer which is not compensated by PV electricity generation. This issue could be mitigated
through a more advanced control strategy, for example by limiting surplus HP operation to periods of
sufficient PV generation or by distributing ATES charging across a wider window of daily hours rather
than concentrating it during peak irradiance.

Number of solar collectors
System performance improves with increasing solar collector quantities but shows diminishing returns
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beyond a certain number of solar collectors. Beyond 45,000 and 100,000 ST collectors for the Seville
and Delft scenarios respectively, no significant increase is found in system performance. Up to this
point the ST collector quantity has a larger influence on system performance than the number of PV
modules. This is especially noticeable in the solar fraction of the system. To see a meaningful reduction
of the peak load, PV module quantity is essential. Significant improvements in peak load reduction are
demonstrated from 45,000 and 65,000 PV modules in the Seville and Delft scenarios respectively.

ATES well pairs
The simulation results show that the optimum number of well pairs is two for Delft and one for Seville.
Adding well pairs beyond the optimum reduces system performance since the higher thermal storage
capacity prevents the ATES to be utilized through its full temperature range. Moreover, for large
ST collector fields the wells do not return to their initial temperature after a seasonal cycle, causing
additional unnecessary surplus operation when more wells are used. Introducing ATES wells enables
seasonal storage which is essential for peak load reduction. When no seasonal storage is employed the
peak load is not reduced in any of the scenarios. Introducing one well pair produces a substantial
improvement on the achieved grid fraction of the Delft scenarios. For the Seville scenarios, introducing
a single well pair only increases the solar fraction slightly because without seasonal storage the solar
fraction already exceeds 95%. This suggests that seasonal storage may not be necessary for Seville
scenarios when considering a large enough system size or when employing slight demand curtailment.
This finding is particularly relevant for southern European locations with high year-round irradiance
but unsuitable subsurface conditions for ATES implementation.

Number of batteries
The first five batteries deliver the largest gain in solar fraction, and beyond ten batteries the solar
fraction improvements diminish. For peak load reductions higher battery quantities are required. In
Seville adding batteries is highly effective for reducing the peak load, potentially allowing for full grid
independence. In contrast, additional batteries in the Delft scenarios have a negligible effect on peak
load since storage periods are too long to cover using reasonably sized battery systems.

Overall technical feasibility
The simulation results of the proposed energy system have shown that it can effectively reduce total
grid consumption and peak load consumption from the grid. Full grid independence is not practically
feasible in Delft, requiring an excessively large system. However, full grid independence in Seville can
be achieved with reasonable collector counts of 45,000 ST collectors and 60,000 PV modules. A 50%
reduction in peak load can be achieved in Delft with 100,000 ST collectors and 65,000 PV collectors.
This 50% reduction in peak load may be sufficient to secure a grid connection in a congested distribution
network.

In locations without suitable ATES geology, large battery storage combined with high collector counts
can achieve peak load reduction in southern climates. In northern climates with large seasonal irradiance
fluctuations, this is deemed infeasible. A study on the required number of PVT modules to decrease
peak load is presented in Appendix C.2. This study demonstrates that the PVT collectors can effectively
replace the ST and PV arrays, while also requiring a slightly smaller collector area to see meaningful
peak load reductions.

4.3. Economic analysis
The previous sections have demonstrated the technical feasibility of reducing total and peak grid
consumption through the proposed solar-assisted process heating energy system. This section aims to
examine the economic viability of the designed energy system. Achieving 100% self-sufficiency requires
impractical size requirements for some of the scenarios. Therefore, a minimum peak load reduction of
50% is adopted for the viability criterion for the economic assessment. A 50% reduced peak load is
considered sufficient to facilitate grid connection in congested distribution networks.

The systems are judged based on the levelized cost of heat (LCOH). The LCOH quantifies the average
cost of delivering thermal energy for any system by combining the capital, operational, and maintenance
costs during the lifetime of the system. The LCOH is calculated using a net present value based levelized
cost methodology commonly used in industrial heating systems [75, 115]:
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LCOH = CAPEX + OPEX
Eheat

, (4.1)

where the capital expenditure (CAPEX) is determined by summing the investment costs for all
components in Table 4.2. The investment cost of auxiliary components such as hydraulic pumps and
pipes for the ST collectors, and cabling and inverters for the PV modules are included in the presented
capital cost values. The total heat delivered to industry is Eheat and is described in Equation 4.3. The
operational expenditure (operational expenditure (OPEX)) represents the discounted sum of operation
and maintenance costs throughout the system lifetime and is described as follows:

OPEX =
𝑁

∑
𝑛=1

𝑟O&MCAPEX
(1 + 𝐷𝑅)𝑛 + 𝑃elec

𝑁
∑
𝑛=1

𝐸grid
(1 + 𝐷𝑅)𝑛 , (4.2)

where 𝑁 is the lifetime of the energy system, 𝑟O&M is the annual operation and maintenance cost as a
fraction of CAPEX, DR is the discount rate, 𝐸grid is the annual grid electricity consumption in MWh,
and 𝑃elec is the industrial electricity price in €/MWh. The discounted total heat to industry, taking
into account degradation of the solar collectors is expressed as:

Eheat =
𝑁

∑
𝑛=1

𝑄industry(1 − 𝑆𝐷)𝑛

(1 + 𝐷𝑅)𝑛 , (4.3)

where 𝑄industry is the heat delivered to industry during the first year of operation and SD is the
degradation rate of technologies. An annual degradation rate of 0.5% is applied, consistent with values
for ST and PV collector degradation in literature [116, 117]. Degradation of the ATES system and
HT-HP is not included in this analysis. The parameters used in the economic LCOH analysis are listed
in Table 4.2.

Table 4.2. Economic parameters used in the LCOH assessment.

Parameter Value Unit Source
Capital costs
ST collectors ∼400 €/m2 [118]
PV modules 640 €/kWp [119]
Heat pump 400 €/kWth [120]
HT-ATES 205 €/MWhth [60]
Hot water buffer storage 1.35 €/kWhth [50, 121]
Battery storage 125 €/kWhel [122]
Operational costs
O&M cost (annual, % of CAPEX) (𝑟O&M) 2 %/yr [115]
Industrial electricity price 110 €/MWh [123]
Reference system (gas boiler)
Gas boiler (reference system) 70 €/kWth [124]
Industrial natural gas price (current, 2026) 16.7 €/GJ [14]
Industrial natural gas price (peak, 2022) 25 €/GJ [14]
Gas boiler efficiency 95 % [125]
CO2 emission factor 0.055 tonne/GJ [126]
EU ETS carbon price 70 €/tonne CO2 [127]
Financial and degradation parameters
Discount rate (DR) 6 % [128]
System lifetime (N) 25 years [119]
PV annual degradation rate 0.5 %/yr [117]
ST annual degradation rate 0.5 %/yr [116]
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4.3.1. Optimal configuration economically
The following section identifies the system configuration which minimizes the LCOH for the Delft and
Seville Food & Beverage industry. This is achieved by combining the heatmaps in Section 4.2.3 with the
LCOH methodology described above. All results with a peak load reduction below 50% are excluded,
since these systems are not able to secure a connection in a congested electricity grid. Systems with a
LCOH below 80 €/MWh are depicted in green. These systems are economically competitive to a gas
heated industrial boiler when including Emissions Trading System (ETS) carbon emission credits, as
calculated using Equation 4.1. When applying the average European non-household price of natural
gas during the 2022 peak, following the Russian invasion of Ukraine, the LCOH of gas increases to 120
€/MWh. When the LCOH surpasses 120 €/MWh, the system is considered to be currently economically
infeasible and is depicted in red.

Figure 4.28 presents the LCOH for a range of system sizing of the Delft Food & Beverage scenario. The
figure demonstrates that the cheapest system LCOH is comparable to the gas boiler reference value
under peak natural gas price conditions observed during 2022.

Figure 4.28. Heatmap presenting the LCOH of the Delft Food & Beverage scenario for varying system sizes.

The CAPEX distribution of the cheapest scenario is depicted in Figure 4.29. This scenario employs
100,000 ST modules, 65,000 PV modules and two ATES well pairs. The cheapest scenario does not
employ batteries even though battery energy storage can increase the solar fraction significantly. This
can be attributed to the high costs of such a large battery system. Through smart charging and
discharging to the grid the battery economic impact could be improved.

Figure 4.29 illustrates that the ST collectors are responsible for more than half of initial investment
costs. The water tank buffer storage is not included in the pie chart since it accounts for less than
0.5% of initial investment costs but is included in the total CAPEX number. The cost of ST collectors
is expected to decrease as large-scale industrial deployment drives learning curve effects. Figure 4.30
depicts the sensitivity of the LCOH to varying collector prices and discount rates, since these are the
most influential parameters on system cost. The graph shows that solar-assisted steam generation can
compete with gas boiler heating under current gas prices if ST prices fall to 200 €/m2 and a discount
rate of 5% is assumed. For current conditions of 400 €/m2 ST collector cost and a discount rate of 6%
the LCOH already falls below the 120 €/MWh threshold. This threshold may be considered acceptable
for industrial implementation, especially considering the independence from volatile gas prices and low
grid electricity consumption. Furthermore, policy instruments such as subsidies and a higher ETS
carbon price could make the system even more economically competitive.
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Figure 4.29. CAPEX Delft Food & Beverage
scenario.
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Figure 4.30. LCOH as function of discount rate for
the Delft Food & Beverage scenario.

The Seville Food & Beverage scenario yields considerably more favourable results with LCOH values
below 80 €/MWh for a large range of system sizes, as illustrated in Figure 4.31. The scenario using
45,000 ST collectors, 45,000 PV modules and one ATES well pair has the lowest LCOH of 66 €/MWh.
The proposed system is therefore already financially competitive with gas boilers in southern European
climates.

For scenarios with 100% grid independence the configuration using 60,000 ST collectors, 90,000 PV
modules, one ATES well pair and ten batteries has the lowest LCOH of 88 €/MWh. Although this
exceeds the current gas boiler reference, full grid independence offers significant advantages such as
reduced exposure to volatile energy markets and flexibility in terms of location.

Figure 4.31. Heatmap presenting the LCOH of the Seville Food & Beverage scenario for varying system sizes.

Figure 4.32 shows that the ST collector fraction of total CAPEX is considerably smaller in the Seville
scenario. The overall costs are also close to half of the costs required for the Delft Food & Beverage
scenario. Figure 4.33 demonstrates that the LCOH of this Seville energy system is below current gas
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boiler LCOH for most discount rates and ST collector prices. This is a promising result for solar-assisted
steam generation in low latitude locations. Further ST collector cost decrease is expected through
learning curve effects, reinforcing the economic viability of the proposed energy system for southern
European climates.

Figure 4.32. CAPEX Seville Food & Beverage
scenario.
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Figure 4.33. LCOH as function of discount rate for
the Seville Food & Beverage scenario.

Figure 4.34 depicts the CAPEX of the cheapest configuration to reach 100% grid independence in
Seville. The total CAPEX of the fully self-reliant system is €103 million, considerably higher than
the €66 million required for a 50% peak load reduction. As shown in Figure 4.35, when using a lower
discount rate or reduced ST collector costs, the LCOH falls below the current gas reference of 80
€/MWh. For most discount rates and ST collector prices the system is cheaper than gas boiler prices
under high natural gas prices.

Figure 4.34. CAPEX Seville Food & Beverage
scenario 100% grid independence.
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Figure 4.35. LCOH as function of discount rate for
the Seville Food & Beverage scenario 100%

independence.

The economic results of all three considered scenarios are presented in Table 4.3. The LCOH values of the
different scenarios (119 €/MWh for Delft and 66–88 €/MWh for Seville) are relatively high compared to
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the values presented in Table 1.1 (38–70 €/MWh for southern Europe and 80–116 €/MWh for western
Europe) in the literature review. This can be attributed to the grid congestion constraints imposed in
this study. Due to these constraints, a much higher solar fraction is required in order to bring down
peak load throughout the year. Consequently, large-scale thermal energy storage and increased solar
collector quantities have to be used, raising system costs.

Table 4.3. LCOH and CAPEX contributions for three different scenarios.

Parameter Delft Seville Seville grid independent
LCOH (€/MWh) 118.2 66.2 87.6
CAPEX (M€) 118.6 65.6 103.3
PV modules (M€) 19.1 13.3 26.5
ST collectors (M€) 80.0 36.0 48.0
Water tank (M€) 0.6 0.6 0.6
HP (M€) 12.6 12.6 12.6
ATES (M€) 6.3 3.1 3.1
Batteries (M€) 0 0 12.5

4.3.2. Main takeaways economic analysis
The economic analysis contextualizes the simulation results within a broader financial context going
further than just technical feasibility. For large-scale implementation of a technology the financial
competitiveness is necessary. The main takeaways of the analysis are listed below:

LCOH methodology
The economic assessment employs a net present value based LCOH formulation, accounting for
discounted electricity costs, operation and maintenance costs, and degradation adjusted heat delivery
over a 25 year lifetime. The results are compared against a gas boiler reference with a LCOH of 80
€/MWh at current natural gas prices and 120 €/MWh at the elevated gas prices observed during the
2022 European energy crisis.

Delft Food & Beverage
The cheapest configuration achieves a LCOH of 119 €/MWh, which is not competitive under current
gas prices but is comparable to the high LCOH benchmark of 120 €/MWh. The optimal configuration
uses 100,000 ST collectors, 65,000 PV modules and two ATES well pairs. The cheapest configuration
does not employ batteries, even though they show promising technical benefits. For the considered
energy system, capital costs of the batteries outweigh the energy savings. More than half of the capital
costs are attributable to the ST collectors. If the costs of ST collectors drop below 200 €/m2 and an
optimistic discount rate of 5% is assumed the system can be competitive with a gas boiler under current
natural gas prices.

Seville Food & Beverage
The cheapest configuration that achieves 50% peak load reduction uses 45,000 ST collectors, 45,000 PV
modules and one ATES well pair, achieving a LCOH of 66 €/MWh. The total investment costs are
roughly half of those of the Delft scenario. At 66 €/MWh, the system is already considerably cheaper
than a natural gas boiler at current gas prices at 80 €/MWh.

For full grid independence a considerably larger system is required with investment costs of € 103 million
and a LCOH of 88 €/MWh. This is slightly above the current gas price reference but far below the
high gas price threshold. Utilizing cheaper collectors or a lower discount rate results in a LCOH below
80 €/MWh and therefore provides an economically competitive alternative to a natural gas boiler.

Overarching conclusions
The proposed solar-assisted industrial steam generation energy system including seasonal storage is
a financially viable alternative to gas boilers in southern European climates. In northern European
climates, the energy system is not financially competitive under current gas prices but approaches
viability under high gas price conditions. Significant reductions in LCOH can be achieved through
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price reduction of the ST collectors in combination with a favourable discount rate. This reduction
can be expected through learning curve effects and large-scale deployment. The relative economic
position of the solar-assisted heating system can also be improved through natural gas price increases
and government support such as subsidies. By switching away from imported energy carriers such as
natural gas the system also aligns with current European incentives to reduce dependency on external
energy suppliers and enhance energy security.

4.4. Conclusion
This chapter presents the results of simulating the integrated model under varying operating conditions
to examine to what extent medium temperature (130–150 ∘C) industrial heat demand can be covered by
solar energy generation, using high temperature solar thermal and photovoltaic collectors in combination
with thermal energy storage comprising a thermal buffer storage and a seasonal HT-ATES system
(Objective 3). Furthermore, the system size is optimized and an economic analysis on the developed
industrial energy system is performed, assessing the economic viability of the system under varying
climate conditions (Objective 4).

Section 4.1 demonstrates that the system is technically capable of reducing grid electricity consumption
substantially for both industry types and locations. The system is able to reach complete grid
independence in Seville and a significant reduction in peak grid electricity consumption of more than
60% and 50% for the Food & Beverage and Paper & Pulp scenarios in Delft respectively. The simulation
results highlight the influence of the demanded process temperature which affects the COP and thereby
the ratio of thermal to electrical energy demand throughout the year. Reducing peak load is more
difficult compared to total grid consumption and requires careful system size optimization.

The optimization analysis in Section 4.2 identifies the ST/PV ratio, ST collector quantity, and number
of ATES well pairs as the dominant design variables. The optimal ST fractions are 0.55, 0.50, 0.40,
and 0.30 for Delft Food & Beverage, Delft Paper & Pulp, Seville Food & Beverage, and Seville Paper
& Pulp scenarios respectively. Additional solar collectors show diminishing returns beyond 80,000 and
180,000 solar collectors for the Seville and Delft scenarios respectively. The first ATES well pair and
the first five batteries yield disproportionately large performance gains relative to subsequent additions.
Full grid independence under the Delft climate requires an impractically large system, whereas it is
achievable at reasonable scale in Seville.

The economic analysis in Section 4.3 demonstrates that the system is already competitive with gas-fired
boilers in southern European climates, achieving a minimum LCOH of 66 €/MWh compared to the 80
€/MWh gas boiler reference. Full grid independence in Seville is achievable at 88 €/MWh. In northern
European climates, the system achieves a minimum LCOH of 119 €/MWh and is therefore competitive
with gas boilers under high gas prices of 120 €/MWh. The LCOH falls below the current gas reference
when ST collector costs reach 200 €/m2 and a 5% discount rate is applied. Future cost reductions
through large-scale deployment alongside policy instruments such as subsidies or a higher EU CO2 ETS
price would further improve the economic viability.

Together, these findings demonstrate that the proposed system is a technically feasible solution for
industrial decarbonization in locations with grid congestion. The system is currently economically
competitive for southern European climates and can approach economic viability in northern European
climates under certain conditions.



Chapter 5

Conclusion

This thesis presents an innovative solar-assisted steam generation design to provide industrial process
heat at temperatures of 130–150 ∘C. The designed system includes evacuated flat plate ST collectors
for high temperature heat generation, PV modules, a novel steam compression HP, a cutting-edge
high temperature ATES system, water tank thermal energy storage and large electrical batteries. The
primary objective of this thesis was to answer the question: ”To what extent can solar-assisted industrial
process heating in combination with thermal energy storage reduce grid congestion problems in Europe?”.
To achieve this goal several objectives have been addressed:

• Objective 1: Numerical models for the individual system components required for a high
temperature heating system were developed and adapted, including thermal energy storage, a
heat pump, and solar collectors. (Chapter 2)

• Objective 2: An integrated energy model was developed that combines the high-temperature
components described in Chapter 2 into a complete industrial process heat supply system, with
multiple operational modes and system configurations. (Chapter 3)

• Objective 3: The integrated model was used under different operating conditions to explore to
what extent medium temperature (130–150 ∘C) industrial heat demand can be covered by solar
energy generation using HT-ST and PV collectors in combination with thermal energy storage
using a thermal buffer storage and a seasonal HT-ATES system. (Chapter 4)

• Objective 4: The system size was optimized and an economic analysis was performed on the
developed industrial energy system, assessing the economic viability of the system under varying
climate conditions. (Chapter 4)

5.1. Summary of key findings
Technical feasibility
The integrated energy system is technically capable of substantially reducing total and peak grid
electricity consumption in all evaluated scenarios. In general, peak load reduction is considerably
more difficult to achieve than total consumption reduction, but to secure a grid connection a peak load
reduction is essential. The Seville scenarios can achieve full grid independence within reasonable system
sizes. For the Delft scenarios a 50% reduction in peak grid consumption is more feasible. In Delft, at
least 100,000 ST collectors and two ATES well pairs are required for a substantial peak load reduction.
Seville requires a much smaller system size of 45,000 ST modules and one ATES well pair.

Role of ATES
The ATES system is crucial for seasonal energy shifting, especially for northern European climates
where the mismatch between winter solar energy generation and consumption is most present. Without
the HT-ATES peak load reduction is not achievable in Delft. In Seville one ATES well pair is sufficient
and the need for an ATES can even be eliminated using a larger system size with 75,000 ST collectors,
90,000 PV modules, and 30 batteries. When properly sized, the ATES operates stably between its design
temperature range of 90 to 150 ∘C, returning to its initial starting value after one year. These results
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demonstrate the theoretical viability of HT-ATES for industrial process heat applications. Due to the
novelty of ATES systems operating at these temperatures the practical viability is not yet confirmed.

System sizing and optimization
The optimization analysis highlights the importance of a well balanced ST and PV ratio which varies
by location and industry: 0.55 for Delft Food & Beverage, 0.50 for Delft Paper & Pulp, 0.40 for Seville
Food & Beverage, and 0.30 for Seville Paper & Pulp respectively. The largest performance increase
is made by the first 5 batteries, the first well pair and the first 45,000 and 100,000 ST collectors, for
the Delft and Seville scenarios respectively. Increasing system size beyond these quantities provides
diminishing performance improvements. System sizing is strongly dependent on climate conditions and
specific industrial demand, especially when significant peak load reductions need to be achieved.

Economic analysis
The LCOH is strongly dependent on climate conditions. In Seville the system achieves a LCOH of
66 €/MWh when aiming for a 50% reduction in peak grid consumption. This is already below the 80
€/MWh benchmark of a natural gas boiler including EU ETS carbon costs. The system is therefore
economically competitive today in southern European climates without requiring future cost reductions
or subsidies. For a fully grid independent energy system in Seville the LCOH increases to 88 €/MWh.
This is slightly higher than the current gas reference but well below the 120 €/MWh LCOH threshold
corresponding to 2022 gas prices.

In Delft the system is not yet economically competitive at current gas prices with the cheapest
configurations costing around 120 €/MWh. This shows that the system would be competitive under
a scenario with very high gas prices. In the future the system can become competitive with current
gas prices if ST collector costs fall to 200 €/m2 and a discount rate of 5% is applied. The ST collector
costs account for the largest capital investment in all scenarios due to the currently high price for these
collectors. This makes ST collector cost reduction through large-scale deployment the most important
pathway to economic competitiveness in northern Europe.

5.2. Final conclusion
The answer to the research question is strongly climate dependent. In southern European climates,
the system can reduce peak grid load by more than 50%, at a cost that is currently competitive with
a gas-fired boiler alternative. The system is able to achieve complete grid independence for medium
temperature industrial steam demand at a LCOH comparable to that of gas-fired boilers. When aiming
for a 50% reduction in peak load from the grid LCOH can be reduced to 66 €/MWh, substantially
below the LCOH of currently operating gas-fired boilers.

In northern European climates, the designed system can reduce peak grid consumption by more than
50%, often sufficient for a grid connection in congested networks. However, the system is not able to
reach full grid independence within practical system sizes and is currently not yet financially competitive
with fossil fuel alternatives. The system approaches economic viability when compared against gas-fired
boilers under high natural gas prices such as in 2022. Furthermore, the system can potentially compete
economically under current prices if ST collector costs decline or through policy instruments such as
subsidies or higher EU ETS carbon prices.

The designed system therefore represents a technically sound and economically feasible solution for
industrial process heating in locations with congested electricity networks. This in combination with
the system’s independence from volatile gas markets, makes solar-assisted steam generation with high
temperature ATES seasonal storage a credible pathway toward decarbonized industrial heating in
Europe. The system is currently economically competitive in southern climates and within reach of
economic viability in northern regions under foreseeable market and policy conditions.



Chapter 6

Recommendations

The findings of this thesis highlight the potential of solar heating for industrial processes including
seasonal storage to avoid grid congestion problems associated with electrification of industry. Even
though the designed energy system shows promising technical and economic results, there are
system-level improvements that could potentially increase system performance and economic viability.
Furthermore, additional research is required to fill in research gaps for some components such as the
high temperature ATES and HT-ST/PVT. This chapter outlines recommendations for future work, to
cover aspects outside the scope of this thesis.

• Advanced control system: The system currently follows a simple control system choosing
between five modes based on storage temperatures and net energy generation. A more advanced
control strategy could limit surplus ATES charging to available electrical energy, distribute surplus
energy over the day to reduce peak loads, use grid energy to charge batteries during periods with
low electricity costs, and incorporate weather forecast based control. Additionally, industrial
demand curtailment during a small number of hours responsible for peak grid consumption could
be explored. These improvements could meaningfully reduce the required system size.

• Advanced high temperature PVT collector: Further research can focus on developing a heat
transfer model that simulates the performance of an evacuated high temperature PVT collector.
This model can be used to derive coefficients for an improved reduced temperature PVT model,
which can be used in combination with the developed integrated system model.

• Concentrated ST collectors: Future work can assess the viability of using concentrated ST
collectors for heat generation. In this thesis only evacuated ST and PVT collectors are considered
but concentrated collectors provide some specific advantages including high efficiency operation
during high temperature operation. Evaluation of these types of collectors for a range of climate
conditions can provide valuable additional insights into solar-assisted industrial heating.

• ATES groundwater flow model: The current ATES model uses a lumped thermal capacity
approach which does not capture groundwater flow within the aquifers. A more advanced
simulation tool can be developed to capture spatial temperature gradients and groundwater flow.
This would improve the accuracy of recovery efficiency predictions and yield different results for
ATES extraction temperatures compared to a lumped thermal capacity model. This is especially
interesting for novel ATES systems with a high temperature operating range of 90 to 150 ∘C where
buoyancy driven flow becomes significant.

• High temperature ATES feasibility: High temperature ATES with an operating range of
90 to 150 ∘C is currently not employed due to a knowledge gap, additional challenges compared
to lower temperature operation, and jurisdictional restrictions. Further research is required to
fully assess the risks and challenges associated with ATES operation in these temperature ranges.
Additionally, extensive ground condition monitoring is required to find which locations in Europe
have suitable geological formations to employ these ATES systems. Alternatively, the performance
of the system for a lower ATES operating range could be studied to determine viability when ATES
operation at temperatures above 100 ∘C is not technically, economically or legally feasible.
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Chapter A

Chapter 2

A.1. Phase change material storage
This Appendix presents the modeling approach as well the simulation results for a configuration in
which the water tank buffer storage is replaced by a phase change material PCM buffer storage. The
phase change material(PCM) buffer storage is modeled using a lumped enthalpy method that tracks the
specific enthalpy of the buffer tank. The corresponding temperature of the buffer tank is determined
through Equation A.1 [129], comprising three regimes: a fully solid zone, a mushy zone, and a fully
liquid zone. Following the standard three-zone enthalpy method commonly employed in PCM modeling
[130]. The mushy zone can be seen as a latent heat plateau in which temperature stays the same but
the fraction of liquid to solid changes. The fully solid and liquid regions represent sensible heat changes.
The buffer storage is modeled using a lumped heat storage model instead of a spatially resolved model,
providing an accurate representation while computational complexity is significantly reduced [131]. The
enthalpy is updated at each timestep according to the net heat flux from the ST/PVT collectors and
the industrial heat demand.

𝑇buffer =

⎧{{{
⎨{{{⎩

ℎ
𝐶𝑝,solid

if ℎ < 𝐶𝑝,solid𝑇melt (fully solid)

𝑇melt if 𝐶𝑝,solid𝑇melt ≤ ℎ ≤ 𝐶𝑝,solid𝑇melt + 𝐿𝑝𝑐𝑚 (mushy zone),

ℎ − 𝐿𝑝𝑐𝑚 − 𝐶𝑝,solid𝑇melt
𝐶𝑝,liquid

+ 𝑇melt if ℎ > 𝐶𝑝,solid𝑇melt + 𝐿𝑝𝑐𝑚 (fully liquid)

(A.1)

where 𝑇buffer is the temperature of the buffer storage and 𝑇melt is the melting temperature of the PCM.
The enthalpy of the system is denoted by ℎ. The specific heat capacity is divided according to the
thermodynamic phase of the material in 𝐶𝑝,solid and 𝐶𝑝,liquid. Lastly, 𝐿𝑝𝑐𝑚 represents the latent heat
of fusion of the PCM.

The PCM storage in this thesis is based upon Erythritol, a sugar alcohol with advantageous properties
for medium temperature thermal energy storage. It has a melting temperature of 117 ∘C and a high
latent heat of fusion, making it ideal for the application in this thesis. The properties of Erythritol are
presented in table A.1 and are taken from Sevault et al. [10]. The supercooling behavior of erythritol is
detrimental to PCM heat storage performance, as it prevents heat recovery at the charging temperature
of the thermal buffer [132]. To simplify the modeling approach, supercooling effects are not considered.
Consequently, the actual thermal recovery performance of an Erythritol-based system may be lower
than the values presented in this thesis.
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Table A.1. Parameters for phase change material heat storage [10]

Parameter Erythritol based PCM
Melting temperature (∘C) 117
Latent heat of fusion 𝐿𝑝𝑐𝑚 (𝑘𝐽𝑘𝑔−1) 340
Specific heat capacity solid 𝐶𝑝,solid (𝑘𝐽𝑘𝑔−1𝐾−1) 1.38
Specific heat capacity liquid 𝐶𝑝,liquid (𝑘𝐽𝑘𝑔−1𝐾−1) 2.76
Density Solid (𝑘𝑔𝑚−3) 1480
Density fluid (𝑘𝑔𝑚−3) 1300

A.1.1. Simulation results
This section analyses the system performance when PCM storage replaces the water tank buffer
employed in the default configurations. The initial PCM storage was designed for a phase change
temperature of 117 ∘C, since this yields a high COP. However, high buffer temperatures negatively affect
the ST collector efficiency. For this reason, a phase change temperature of 83 ∘C is also considered.

For this comparison, the total thermal capacities of the two storage types are kept equal. The PCM
buffer has a volumetric thermal capacity of 5.2e8 𝐽/𝑚3, which is 3.1 times higher than that of the water
tank buffer at 1.68e8 𝐽/𝑚3. Consequently, the PCM buffer volume is smaller than that of the water
tank, at 3 200 m3 and 10 000 m3 respectively.

Figure A.1 illustrates that no single buffer storage type consistently outperforms the others across all
scenarios. In the Delft Food & Beverage scenario, the 83 ∘C PCM buffer achieves a slightly lower total
electricity demand than the water tank, while the 117 ∘C PCM buffer has the highest consumption. In
the Delft Paper & Pulp scenario, the water tank and 117∘C PCM buffer perform comparably, with the
83∘C PCM buffer showing the highest consumption. The Seville results differ from both Delft scenarios,
with the 117 ∘C PCM buffer achieving the lowest consumption. These differences are further discussed
in the detailed simulation highlights of the system in Section A.1.2.

25

31

23

41 41

50

0 0 1
4

2

15

Food & Beverage Paper & Pulp

W
at

er

PCM
 1

17

PCM
 8

3

W
at

er

PCM
 1

17

PCM
 8

3
0

10

20

30

40

50

60

E
le

ct
ric

ity
 d

em
an

d 
[T

J]

Delft
Seville

Figure A.1. Annual grid electricity consumption for water tank and PCM thermal buffer storage
technologies.

Figure A.2 presents the peak grid consumption for the different buffer storage options. These results
similarly show no consistently superior option across all scenarios. In the Delft Food & Beverage
scenario, the water tank and 83 ∘C PCM buffer achieve equal peak loads, while the 117 ∘C PCM buffer
has a significantly higher peak load. In the Seville Food & Beverage scenario, both the water tank
and 117 ∘C PCM buffer achieve full grid independence, whereas the 83 ∘C PCM buffer has a high peak
load. This high peak load can be attributed to only a small number of hours throughout the year, as
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reflected by the low total grid consumption of this scenario. The remaining scenarios show broadly
similar performance across all three buffer technologies. The ambiguous results are a consequence of
the complex influence of buffer storage temperature on system performance, acting through both the
COP and the reduced temperature of the ST collectors.
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Figure A.2. Annual peak grid electricity consumption for water tank and PCM thermal buffer storage
technologies.

A.1.2. Detailed simulation results
This section presents the results of the different PCM buffer storage options highlighting key operational
differences. These differences mainly come down to the 83 ∘C PCM buffer yielding higher thermal energy
generation and the 117 ∘C PCM buffer operating at a higher COP.

Food & Beverage Delft PCM
The storage temperatures of a system with the 83 ∘C and the 117 ∘C PCM material are presented
in Figures A.3 and A.4 respectively. A clear difference in average operating temperature is evident
between the two systems. The 83 ∘C system maintains a considerably lower buffer storage temperature,
which results in a net annual heat surplus in the ATES, with the warm well temperature reaching
approximately 110 ∘C by the end of the year. In contrast, the 117 ∘C system exhibits the opposite
behavior. In this scenario, the warm well temperature declines to the minimum permissible limit of 90
∘C, resulting in 237 hours of Mode IIIB (backup resistive heater) activation.
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(a) Weekly storage temperatures

M
ar Apr

M
ay Ju
n Ju
l

Aug Sep Oct
Nov Dec Ja

n
Feb

Time [days]

80

90

100

110

120

130

140

150

T
em

pe
ra

tu
re

 [°
C

]

Buffer storage Warm well

(b) Annual storage temperatures

Figure A.3. Weekly and annual storage temperatures for the PCM buffer of 83 ∘C using the Delft Food &
Beverage scenario.
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Figure A.4. Weekly and annual storage temperatures for the PCM buffer of 117 ∘C using the Delft Food &
Beverage scenario.

Figure A.5 illustrates that the 117∘C system operates at a slightly higher COP during the first part of
the year. However, the COP declines rapidly in the latter part of the year as the ATES temperature
decreases. During the final month the ATES is fully depleted and the COP of the 117 ∘C scenario is
reduced to one. This is attributable to resistive heater usage during these shortage hours.
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Figure A.5. Annual COP comparison for two PCM phase change temperatures using the Delft Food &
Beverage scenario.

The total ST generation in the 83 ∘C PCM scenario adds up to 378 TJ, 35 TJ higher than the 117
∘C PCM scenario. This can be attributed to higher thermal efficiencies that are reached for the PCM
with a lower phase change temperature. The electrical requirement of Mode IIA has higher peaks for
the 83 ∘C PCM scenario, as shown in Figure A.6. These results are attributable to the higher thermal
efficiency of the ST collectors. In contrast, Mode I electricity consumption is significantly higher in the
83 ∘C scenario, peaking at 4 MW compared to 3 MW in the 117 ∘C scenario. This is attributable to
the lower average buffer temperature, which increases the temperature lift, resulting in a lower COP
and higher electricity consumption.
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Figure A.6. Annual electrical power consumption comparison for two PCM phase change temperatures using
the Delft Food & Beverage scenario.
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Paper & Pulp Seville PCM

Figures A.7 and A.8 present the temperature development of the ATES and the buffer storage for the
two different scenarios. The 83 ∘C buffer has an average temperature of 95 degrees, which is the result
of the buffer being charged to 120 ∘C during the day and discharged to 83 ∘C during the night. The
117∘C buffer storage maintains a steady temperature close to its phase change temperature throughout
the year, with only brief deviations during periods of very low irradiance.
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(b) Annual storage temperatures

Figure A.7. Weekly and annual storage temperatures for the PCM buffer of 83 ∘C using the Seville Paper &
Pulp scenario.
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Figure A.8. Three week storage temperature comparison for two PCM phase change temperatures using the
Seville Paper & Pulp scenario.
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The influence of buffer storage temperature on system COP is clearly visible in Figure A.9. The 83
∘C PCM system exhibits a sawtooth pattern in COP reflecting the cyclic charging and discharging
of the buffer, while the 117 ∘C system maintains a stable COP throughout most of the year, with the
exception of ATES charging periods which require an elevated steam temperature and therefore a higher
temperature lift.
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Figure A.9. Three week COP comparison for two PCM phase change temperatures using the Delft Food &
Beverage scenario.

Figure A.10 illustrates how the electrical demand of the 83 ∘C buffer storage is higher than that of the 117
∘Cbuffer storage. This can be attributed to the relatively lower COP. The resulting increase in electricity
demand exceeds the available PV generation more frequently, leading to higher grid consumption. In
total, the 83 ∘C system draws 15 TJ from the grid, compared to only 2 TJ for the 117 ∘C system, which
requires grid consumption during only a small number of peak hours.
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Figure A.10. Annual comparison of electrical demand and grid consumption for two phase change
temperatures.

The phase change temperature is a critical design parameter for the PCM buffer storage. A high phase
change temperature results in lower ST generation as a result of the elevated reduced temperature
of ST the collectors. The electrical consumption of a system with a high phase change temperature
is higher due to a smaller required temperature lift resulting in a higher COP. These trends require
careful consideration of system size for optimal system performance.

In most scenarios, the water tank based buffer storage outperforms both PCM options. The natural
temperature variation of the buffer results in low temperature ST operation in low irradiance periods.
This results in a lower reduced temperature and consequently higher thermal efficiency during winter. In
contrast the system operates at low COP when producing excess heat for the ATES which reduces peak
electrical demand. As a result, the water tank configuration is generally less reliant on grid electricity
than either PCM alternative.

A.2. Heat Exchanger Area Estimation
This appendix covers a preliminary estimate of the required heat exchanger area that is required within
the energy system. The analysis looks at two different heat exchangers in the system: The condensation
heat exchanger charging the ATES warm well during surplus operation and the evaporation heat
exchanger supplying the HP during shortage operation. The goal of this analysis is to determine
whether the area required for these heat exchangers is realizable within conventional industrial heat
exchanger sizes.

The Number of Transfer Units (NTU) method is applied [133]. This method is significantly simplified
within this thesis, since both heat exchangers are driven by phase change on one side. This simplifies
the capacity ratio 𝐶∗ = 0 and the effectiveness of the heat exchanger reduces to:

𝜀 = 𝑄̇
̇𝑄𝑚𝑎𝑥

, 𝜀 = 1 − exp(−NTU), (A.2)

Subsequently, the heat exchanger area required can be determined using equation A.3

𝐴 = NTU ⋅ 𝐶min
𝑈 (A.3)
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The peak annual heat duty is used as the design point. General heat transfer coefficients are taken from
tabulated ranges of shell-and-tube heat exchangers [88], resulting in a required area range depending
on the transfer coefficient 𝑈 . The results are summarized in Table A.2.

Table A.2. Estimated heat exchanger areas at peak design duty.

Configuration 𝑄̇max 𝜀 NTU 𝑈 range 𝐴min 𝐴max
(MW) (–) (–) (W/m²K) (m²) (m²)

Condensation (surplus) 100 0.944 2.90 1500–4000 1050 2800
Evaporation (shortage) 25 0.833 1.79 600–1700 1060 3010

The estimated areas fall in the range of 1050–3010 m2, which is within the practical limits of
industrial shell-and-tube heat exchangers. Single units of comparable area have been manufactured
for applications in the power industry [134], confirming the physical viability of the required heat
exchangers used in the model.

The results of this analysis are preemptive and should be worked out in more detail for advanced system
design. Fouling of the heat exchanger is not considered, which can significantly decrease performance
over time. In contrast, the heat exchangers are sized at peak annual heat transfer requirements, which
is a conservative design point. Designing at a slightly lower design point such as the 95th percentile
peak could avoid oversizing for a small number of extreme hours. Furthermore, implementing a smart
control system which spreads heat transfer over a larger number of hours could significantly reduce the
required heat exchanger size. These factors are beyond the scope of this work but should be included
when optimizing the proposed system.



Chapter B

Chapter 3

B.1. Heat Loss through horizontal transport
This appendix presents a simplified analytical assessment of the impact of transporting high-temperature
ATES heat over horizontal distances on system COP and heat losses. The aim of the analysis is to study
the technical feasibility of long distance horizontal heat transport, in case no suitable ATES geology
is available nearby. The analysis uses the same approach as presented in Section 3.2.4 This appendix
includes two additional mechanisms: thermal losses along the transport pipe and additional frictional
pumping losses. The model only considers one way transport losses from ATES to industry. Losses
during surplus operation are not considered since these coincide with high solar energy availability and
are therefore less consequential for the system performance. However, for a more in depth analysis of
horizontal transport losses these have to be considered and this analysis provides an optimistic scenario.

B.1.1. Heat Loss Model
The temperature drop along the supply pipe is modeled as:

Δ𝑇loss = 𝑈 ⋅ 𝐿 ⋅ (𝑇 w
aq − 𝑇ground)

𝑚̇ ⋅ 𝑐𝑝
(B.1)

where 𝑈 is the linear heat loss coefficient (W m−1K−1), 𝐿 is the one-way pipe length (m), 𝑇 w
aq is the

ATES warm well temperature, 𝑇𝑔𝑟𝑜𝑢𝑛𝑑 is the ground temperature along the pipe route (assumed 15 ∘C),
𝑚̇ is the mass flow rate (kg s−1) and 𝑐𝑝 is the specific heat capacity of water (J kg−1K−1).

A heat loss coefficient range of 0.1–0.5 Wm−1K−1 is evaluated, consistent with reported values for
well-insulated district heating pipes operating at temperatures above 100 ∘C [135]. Figure B.1 presents
the resulting temperature loss as a function of transport distance for an ATES source temperature of
120 ∘C. At 200 km and 𝑈 = 0.3 Wm−1K−1 the total temperature loss reaches approximately 6 K, within
acceptable margins to operate the system. The 0.1 Wm−1K−1 line presents the temperature loss of a
very well insulated pipe, resulting in a reduction of only 2 K over 200 km of transport. These results
suggest that when temperature reduction is the only metric, long distance transport of warm water is
feasible.
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Figure B.1. Thermal losses due to horizontal
transport of water through pipes.
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Figure B.2. Fraction of hydrostatic and friction
pressure losses for horizontal transport through pipes.

B.1.2. Hydraulic Pressure Loss Model
The total pressure drop consists of three components: hydrostatic pressure from the vertical ATES well
depth, vertical pipe friction, and horizontal pipe friction. The frictional pressure drop is calculated
using the Darcy–Weisbach equation :

Δ𝑃friction = 𝑓𝐷
(𝐿hor + 𝐿ver)𝜌𝑉 2

2𝐷 (B.2)

where 𝑓𝐷 is the Darcy friction factor computed using the Swamee–Jain approximation, 𝐷 is the inner
pipe diameter (m), 𝜌 is the fluid density (kg m−3), 𝑉 is the flow velocity (m s−1), and 𝐿hor and 𝐿ver are
the horizontal and vertical pipe length. The hydrostatic contribution from the vertical well of depth
𝐿ver = 400 m is:

Δ𝑃hydraulic = 𝜌𝑤𝑔𝐿ver (B.3)

Figure B.2 presents the relative contribution of each pressure component as a function of transport
distance. The vertical friction contribution is negligible for all distances. At a transport distance of
zero, the hydrostatic friction component dominates. Beyond approximately 65 km the horizontal friction
becomes dominant, accounting more than 50% of the pressure drop.

B.1.3. Impact on System COP
The COP of the system is determined using a similar approach as presented in Section 3.2.4, where
the delivered heat and the pressure loss over the pipe are determined per kg of transported water. The
approach has been updated by increasing the transport length for the frictional pressure loss contribution
as discussed in Section B.1.2 and including the reduced water temperature arriving at HP evaporator.
The temperature arriving at the heat exchanger is determined as follows:

𝑇 w
aq,eff = 𝑇 w

aq − Δ𝑇loss (B.4)

Since the HP evaporator temperature is determined by the incoming ATES water temperature, the
effective temperature lift the HP must overcome increases from Δ𝑇𝐻𝑃 to Δ𝑇𝐻𝑃 + Δ𝑇𝑙𝑜𝑠𝑠. The system
COP is therefore modeled using the augmented temperature lift:

𝐶𝑂𝑃HP = 5.57 − 0.046 ⋅ (Δ𝑇HP + Δ𝑇loss) (B.5)
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This approach captures both the reduction in available heat from the ATES heat exchanger since colder
water arrives at the heat exchanger with increased transportation distance and the degradation of HP
performance due to the lower source temperature. The temperature change over the heat exchanger is
expressed in equation B.6 and the system COP is presented in equation B.7.

Δ𝑇HX = 𝑇 w
aq,eff − (𝑇D − Δ𝑇HP) − Δ𝑇pinch (B.6)

𝐶𝑂𝑃system = 𝑄delivered
𝑊HP + 𝑊pump,total

, (B.7)

where 𝑊pump,total includes both the vertical ATES pumping work and the additional horizontal pipe
friction losses.

Figures B.3 (𝑇D = 130) and B.4 𝑇D = 150) present the system COP as a function of HP temperature
lift for transport distances of 0, 50, 100, 200 and 400 km at a fixed ATES warm well temperature of 120
∘C. The results show that for short distance the COP does not see a major reduction. For distances
further than 100 km the reduction in COP becomes very significant. COP decreases by approximately
0.15 for every 50 km of travel. Resulting in a decrease of 0.6 for a 200 km travel distance. In a system
where margins are narrow this is a significant reduction, especially considering that the performance is
worse when the ATES operates at a lower temperature.

In conclusion, these results suggest that when geological conditions are not favorable for ATES
employment it is technically possible to transport warm water over long distances. However, transport
over distances further than 100 km system results in a significant performance decrease. Furthermore,
this analysis only includes losses in one transport direction and does not consider cost of such an
extensive transport system. Therefore, a more in depth analysis is required to determine the economic
viability of this system.

Figure B.3. COP of a heat pump including pumping losses and heat loss for long horizontal transport
distances. The dotted line shows the COP without hydraulic pumping power. 𝑇D = 130 ∘C, depth = 400 m,

𝑇 w
aq = 120 ∘C
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Figure B.4. COP of a heat pump including pumping losses and heat loss for long horizontal transport
distances. The dotted line shows the COP without hydraulic pumping power. 𝑇D = 150 ∘C, depth = 400 m, ,

𝑇 w
aq = 120 ∘C



Chapter C

Chapter 4

C.1. PVT performance
This appendix presents the weekly and annual operation of the energy system in Configuration 6. Since
some graphs are comparable to the results found in Section 4.1, only a selection of results is shown
highlighting key differences. The simulation results that are not covered in this chapter can be found
in the thesis repository.

•Food & Beverage Delft PVT
The Delft Food & Beverage scenario with PVT has a total grid consumption of 11 TJ and a peak load
of 10 MW. This is slightly lower compared to the Configuration 5 results. Figure C.1 presents the
thermal (purple) and electrical (gold) efficiency of the PVT collectors. The average electrical efficiency
is 17%, mainly depending on the temperature of the buffer storage tank, which directly influences the
module temperature. This is 23% lower than the average efficiency of the PV collectors, reducing from
an average of 22%. The thermal efficiency decreases even more between scenarios, 40% to 26% in
Configuration 6.
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Figure C.1. Thermal and electrical efficiency of PVT modules for the Delft Food & Beverage scenario.

The relatively large decrease in thermal efficiency compared to electrical efficiency can also be seen in
Figure C.2. Where electricity demand and PV generation were somewhat balanced in Configuration

107
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6, this graph shows a significant surplus in electrical generation. The electrical generation also reaches
daily power generation averages of up to 22 MW, much higher than the 13 MW maximum in other
scenarios A possible solution is to use PVT with additional ST modules to balance the thermal and
electrical generation. This is explored in Section C.2.
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(b) Annual simulation results

Figure C.2. Electricity demand, generation and grid consumption in the Delft Food & Beverage scenario
with PVT.

Figure C.3 shows how the storage shows comparable trends to the Configuration 5 results. Although,
thermal efficiency is reduced when using PVT, the total thermal energy generation of the system
is higher. This is caused by the larger number of PVT modules compared to the ST modules in
Configuration 5. This results in the ATES reaching its maximum temperature of 150 ∘C and ending
up at 110 ∘C at the end of the year. This is an increase in 15 ∘C compared to the starting temperature.
These results suggest that the system is oversized and could function properly with a reduced number
of PVT modules.
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(a) Simulation results for three weeks
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(b) Annual simulation results

Figure C.3. Temperature of the buffer storage and warm ATES well for the Delft Food & Beverage scenario
with PVT.

•Paper & Pulp Delft PVT
The Delft Paper & Pulp scenario with PVT has a total electricity consumption from the grid of 23 TJ
and a peak load of 7 MW. The grid consumption is slightly lower than Configuration 5 scenario but the
peak load is the same. Figure C.4 illustrates the comparatively high demand as a result of the lower
COP caused by the higher steam demand temperature.
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(b) Annual simulation results

Figure C.4. Electricity demand, generation and grid consumption in the Delft Paper & Pulp scenario with
PVT.

The final ATES temperature is close to 115 ∘C as can be seen in Figure C.5. Similar to the Configuration
5 analysis this increase in final temperature after one year of operation is caused by lower COP in the
Paper & Pulp section resulting in reduced thermal extraction from the storage.
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(a) Simulation results for three weeks
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Figure C.5. Temperature of the buffer storage and warm ATES well for the Delft Paper & Pulp scenario
with PVT.

•Food & Beverage Seville PVT
The Seville Paper & Pulp scenario with PVT has a total electricity consumption of 0 TJ and a peak
load of 0 MW. This is equivalent to the Configuration 5 scenario. The thermal and electrical efficiency
of the PVT collectors is depicted in Figure C.6. The electrical efficiency is around 17% comparable to
the efficiency seen in Delft. The average thermal efficiency is 34% during, significantly higher than the
average efficiency in Delft but significantly lower than the 50% average efficiency of ST collectors in
Seville.
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Figure C.6. Thermal and electrical efficiency of PVT modules for the Seville Food & Beverage scenario.

Figure C.7 shows that the warm well reaches its maximum storage temperature at the start of may.
Almost two months earlier compared to the Configuration 5 results. These results of the PVT collectors
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show that the average thermal and electrical yield of two PVT collectors is higher than the yield of one
ST and one PVT module. Further illustrating the technical advantages of using PVT collectors.
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Figure C.7. Temperature of the buffer storage and warm ATES well for the Seville Food & Beverage
scenario with PVT.

•Paper & Pulp Seville PVT
The Seville Paper & Pulp scenario with PVT has a total electricity consumption from the grid of 0.2 TJ
and a peak load of 5 MW. The total consumption of this scenario is lower than that of Configuration 5,
even reaching full grid independence when rounding down the total consumption. The peak load is 5
MW, but grid consumption is only 10 hours annually concentrated in two days, as can be seen in Figure
C.8. These few hours of consumption have a negligible effect on the total electricity consumption which
is only 0.2 TJ and could be covered through implementing a slightly larger electrical storage capacity
or slight demand curtailment.
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Figure C.8. Electricity demand, generation and grid consumption in the Seville Paper & Pulp scenario with
PVT.

C.2. PVT optimum
This section examines the system performance for varying quantities of PVT modules, with the aim of
determining whether replacing separate ST and PV collectors with PVT modules affects the required
system size. A pronounced difference in required collector quantity is observed between the Delft and
Seville scenarios. In Seville, total grid consumption approaches zero at approximately 60 000 PVT
modules, whereas in Delft this requires around 150 000 modules. Regarding peak load reduction, only
the Seville Food & Beverage scenario achieves full grid independence. The Seville Paper & Pulp scenario
can be considered practically grid-independent from 80,000 modules onward, where grid electricity
consumption is reduced by more than 99%.

Compared to Configuration 5, Configuration 6 requires fewer modules to achieve a significant peak load
reduction in the Delft scenarios. The Delft Food & Beverage scenario requires 150,000 PVT modules
compared to 180,000 combined ST collectors and PV modules, while the Delft Paper & Pulp scenario
sees the required quantity decrease from 180,000 to 140,000 modules. The Seville results are more
promising, with significant peak load reductions achievable at 60,000 modules —considerably fewer
than the 100,000 and 120 000 modules required for the Food & Beverage and Paper & Pulp scenarios
respectively in Configuration 5, as shown in Figure 4.21.
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(a) Solar fraction for varying collector quantities
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(b) Peak load reduction for varying collector quantities.

Figure C.9. System performance for varying PVT collector quantities.

Since the thermal efficiency of PVT modules is reduced proportionally more than the electrical efficiency
compared to separate ST and PV collectors, a mixed collector field combining ST and PVT modules
may yield better performance than a purely PVT system. Such a configuration could compensate
for the thermal deficit of PVT collectors while retaining their combined electrical and thermal output
advantage per unit area. Figure C.10 presents the system performance as a function of ST fraction
within a combined ST and PVT collector field, showing to what extent the total required collector area
can be reduced compared to a purely PVT or purely ST and PV configuration.

When employing 80000 PVT and 40000 ST collectors the peak load is reduced by 50%. Alternatively,
for a 50% peak load reduction when combiningST collectors and PV modules a total of 180000 modules
was required. This results in a 33% reduction in required module area when employing a combination
of PVT and ST collectors.
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(a) Solar fraction for varying total collector quantities.
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Figure C.10. System performance for varying PVT and ST quantities and ratios.
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