
1 

 

Cost-effective sizing of a Hybrid Regenerative Hydrogen Fuel Cell Energy 1 

Storage System for Remote & Off-Grid Telecom Towers 2 

 3 

Gerard Jansen*,a, Zahir Dehouchea, Harry Corriganb 4 

a Centre for Energy and Built Environment Research, Brunel University London, United Kingdom, UB8 3PH, UK 5 
b SolarBotanic Ltd. 2SolarBotanic Ltd, Kemp House 152 City Road, London EC1V 2NX, UK  6 

 7 

*Corresponding author e-mail: Gerard.Jansen@brunel.ac.uk , phone: +44 (0)7534 077 847 8 

Abstract  9 

There is an urgent need to provide cost-effective, clean, distributed electricity to ensure reliability for mobile 10 

network operators in Sub-Saharan Africa. A comprehensive semi-empirical MATLAB/Simulink model of a novel 11 

low-pressure, solid-hydrogen based energy storage system combined with Solar PV and battery energy storage 12 

including dynamic losses of the power conditioning equipment is built. Levenburg-Marquardt least square 13 

algorithm is used for semi-empirical parameterisation of the metal-hydride and fuel cell models, simulations are 14 

performed using experimentally obtained telecom tower load data. The results show the overall system efficiency 15 

of the energy system drop from 21.05% for a Solar/Battery system to 17.43% of the most cost-effective hybridised 16 

system, which consists of 16.2 kW Solar PV coupled to a 10kW/40kWh Li-Ion battery, and a Regenerative 17 

Hydrogen Fuel Cell (consisting of a 10kW PEM Electrolyser, 1,000kWh Ti-based AB2 Solid-Hydrogen Storage 18 

Cell, and 5kW PEM Fuel Cell). This system achieves a Levelised Cost of Electricity of 17.16 ¢/kWh compared 19 

to 73.40 ¢/kWh for a Diesel Genset, with a Net Present Value of $109,236 and an Internal Rate of Return of 20 

15.15%. 21 

Highlights 22 

1. Solid-hydrogen storage for a single tenant, off-grid telecom tower is proposed. 23 

2. Semi-empirical parameterisation of Fuel Cell and Metal-Hydride are presented. 24 

3. Hybridising Li-Ion and hydrogen energy storage increases economic viability. 25 

4. Levelised Cost of Electricity of 17.16 ¢/kWh, Internal Rate of Return of 15.15%. 26 

Keywords: Energy Storage, Hydrogen, Fuel Cell, Electrolyser, Metal-Hydride, Energy system 27 

Nomenclature 28 

𝐴 Area (m2) 𝐾𝑖 Current temperature coefficient (A/°C) 

𝐶𝑡 Capital expenditures ($) 𝑀𝑡 Operation and Maintenance expenditures ($) 

𝐸𝑎𝑐𝑡 Activation overpotential (V) M Metal reaction site 

𝐸𝑜ℎ𝑚 Ohmic overpotential (V) 𝑛 Number of electrons in reaction 

𝐸𝑐𝑜𝑛𝑐 Concentration overpotential (V) 𝑁𝑃 Number of cells in parallel 

𝐸𝑔0 Band gap energy of silicon semiconductor (eV) 𝑁𝑆 Number of cells in series 

𝐸𝑡 Electricity generated (kWh) O2 Oxygen molecule 

𝐹 Faraday constant (C/mol) 𝑃𝑒𝑞 Equilibrium pressure (atm) 

𝑓𝐻2
 Molar flow rate (mol/s) 𝑞 Electron charge (C) 

𝐹𝑡 Fuel expenditures ($) 𝑅 Resistance (Ω) 

𝐺 Solar irradiance (W/m2) 𝑅𝑖 Internal resistance (Ω) 

H+ Hydrogen proton 𝑅𝑆 Series resistance (Ω) 

H2 Hydrogen molecule 𝑅𝑆𝐻 Shunt resistance (Ω) 

H2O Water molecule 𝑆 Stoichiometric ratio 

𝑖 Operating current density (A/cm2) 𝑇 Temperature (˚C) 

𝑖𝐿 Limiting current density (A/cm2) 𝑇𝑟𝑒𝑓 Reference temperature (˚C) 

𝐼 Operating current (A) 𝑉 Operating voltage (V) 

𝐼0 Dark saturation current of Solar PV (A) 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 Nernst voltage (V) 

𝐼𝑆𝐶 Short circuit current (A) 𝑉𝑂𝐶 Open circuit voltage (V) 

𝐼𝑅𝑆 Reverse saturation current (A) 𝑉𝑇 Thermal voltage Solar PV (V) 

𝐼𝑃𝐻 Photo-current of Solar PV (A) 𝛼 Charge transfer coefficient 

𝐼𝑃𝑉 Operating current of Solar PV (A) 𝜂 Overall efficiency (%) 

mailto:Gerard.Jansen@brunel.ac.uk


2 

 

𝐼𝑆𝐻 Shunt current of Solar PV (A) 𝜂𝐹 Faraday efficiency (%) 

𝑘 Boltzmann’s constant (J/K) 𝛾 Voltage temperature coefficient (V/°C) 

 29 

1. Introduction 30 

Mobile telecommunication is changing rapidly in 31 

Sub-Saharan Africa. The Groupe Speciale Mobile 32 

Association (GSMA) predicts an annual growth 33 

of 4% in unique subscribers over the next decade 34 

[1], which enables access to life-enhancing 35 

services through simple connection between 36 

individuals, information, markets and services 37 

[2]. Chavula showed fixed- and mobile telephony 38 

and internet connection to have a significant 39 

impact on people’s living standard and per capita 40 

income growth in the upper-middle-income 41 

countries, while only mobile telephony has a 42 

significant impact on growth in the upper-low-43 

income and low-income countries in Africa [3]. 44 

Additionally, in 2017 the mobile 45 

telecommunication ecosystem contributed to 46 

6.5% of the Gross Domestic Product (GDP) of the 47 

West African economy [1]. To serve the 190 48 

million extra mobile phone subscriptions [4], 49 

Sub-Saharan Africa (SSA) will have an expected 50 

total of 66,200 bad-grid and off-grid towers in 51 

operation by 2020 [5].  52 

The reliability of these telecom facilities, as well 53 

as its energy management, is critical for telecom 54 

operators. In absence of grid-based electricity, 55 

diesel generators (Gensets) are typically used to 56 

provide uninterrupted power supply to the 57 

telecom equipment. On-site energy generation 58 

and consumption for these telecommunication 59 

tower sites has become the largest operational 60 

expenditure (OPEX) for Mobile Network 61 

Operators (MNOs). Historically, MNOs main 62 

focus was on ensuring uptime and at that time, 63 

diesel was considered the only effective power 64 

source that could achieve acceptable levels. As a 65 

result, more than 95% of off-grid and bad-grid 66 

tower sites is powered by oversized Diesel 67 

Gensets (typically over 15kVA) [5]. Diesel 68 

Gensets are considered as one of the major 69 

sources of greenhouse gas pollutants and are 70 

known to cause several respiratory health issues 71 

as well [6]. In Nigeria alone, over 500 million 72 

litres of diesel are consumed on 73 

telecommunication tower sites, cumulatively 74 

emitting 1.3 million metric tonnes of CO2 75 

annually [7]. Some of the additional challenges 76 

faced by MNO’s using this inefficient, and 77 

polluting energy solution include high mean time 78 

to repair, increasing fuel cost and consumption, 79 

high operational cost, high cooling load, fuel 80 

theft, and environmental pollution (oil spillage 81 

and noise) [8]. Thereby, the high OPEX results in 82 

cost of electricity at off-grid sites that can rise up 83 

to US$2.21 per kWh; about 10 to 20 times the 84 

price of electricity from the grid in most African 85 

countries [5]. This means that, on an off-grid site, 86 

over 30% of OPEX is directly allocated to diesel 87 

cost and logistics [9]. Additionally, failure of 88 

diesel generators is responsible for 65% of the 89 

loss of telecom service [10]. Hence, the need for 90 

alternative power sources providing cost-91 

effective, clean, and resilient electricity is urgent 92 

to ensure reliability in the mobile network. 93 

1.1 Literature review 94 

Several studies have investigated the use of 95 

renewable energy technologies for powering 96 

telecommunication towers, either with energy 97 

storage, fossil fuel, or a combination to balance 98 

the intermittency. Oviroh and Jen examined the 99 

use of various solar hybrid system operating 100 

schedules in comparison to diesel generator 101 

operating schedules in powering several 102 

telecommunication towers sites across Nigeria. 103 

Their findings show that a hybrid Solar PV, 104 

combined with diesel generator, provided lowest 105 

levelised cost of electricity (LCOE), as low as 106 

15.6 ¢/kWh [8]. Olatomiwa et al. found 107 

comparable results when assessing hybrid 108 

PV/Diesel/Battery and PV/Wind/Diesel/Battery 109 

power systems [7]. Khan et al. used HOMER 110 

software to simulate several Solar 111 

PV/Wind/Diesel/Battery configurations to find 112 

that the LCOE is lowest for Solar 113 

PV/Diesel/Battery at 16.2 ¢/kWh [11].  114 

Besides diesel and battery energy storage, 115 

hydrogen also gains interest as a storage 116 

technology for remote telecommunication tower 117 

sites. Hydrogen storage in a Regenerative 118 

Hydrogen Fuel Cell (RHFC) utilizes on-site 119 

hydrogen generation through electrolysis, 120 

hydrogen storage, and electricity generation 121 

through a fuel cell. Recent advances in the 122 

electrolysis process have increased efficiencies of 123 

H2 generation from water. Thereby, progress in 124 

manufacturing processes, as well as increased 125 

market maturity and acceptance have reduced 126 

capital costs [12], consequently enhancing its 127 

feasibility for use in remote telecommunication 128 

towers. RHFC’s provide several advantages over 129 

conventional batteries. Batteries have a limited 130 

life expectancy between 3-8 years, their capacity 131 
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diminishes over time and deep discharge cycles 132 

can damage the battery. Fuel Cells are more 133 

predictable with runtimes longer than 8 hours and 134 

last over 10 years [13, 14]. Thereby, an RHFC 135 

offers the ability to independently configure 136 

storage capacity, power output and recharge time.  137 

Simulations performed by Amutha & Rajini 138 

indicate that a hybrid system comprising of Solar 139 

PV/Wind/Battery or Solar PV/Wind/Battery/FC 140 

can be feasible for telecommunication tower sites 141 

[15]. Additionally, Serincan performed empirical 142 

tests to successfully prove the commercial 143 

viability of a fuel cell system with respect to its 144 

lifetime [16]. This is backed up by Scamman et 145 

al., who investigated the use of hydrogen energy 146 

storage to reduce the number of batteries required 147 

and extend the batteries lifetime [17]. Focussing 148 

on the LCOE, Guinot et al. combined 35 bar 149 

hydrogen storage to a PV/Battery system and 150 

estimated cost reduction of 10% due to reduced 151 

energy storage capacity of the costly battery pack 152 

[18]. 153 

At ambient temperature and pressure, one gram of 154 

hydrogen occupies 11 litres [19]. Therefore, 155 

storage of hydrogen faces challenges to make it 156 

economic, efficient and safe [20]. High-pressure 157 

hydrogen gas storage is used in the before 158 

mentioned studies. Compressing hydrogen to a 159 

pressure of 200-700 bar increases the hydrogen 160 

density from 11 g/L to 22.9 g/L at 350 bar [21] 161 

and 39 g/L at 700 bar [22], thereby reducing space 162 

requirements. Due to the chemical properties of 163 

hydrogen and the required high pressures, 164 

compression is often costly and usually has a high 165 

energy demand. Hydrogen storage is also possible 166 

in metal-hydride at low pressure by 167 

chemisorption in e.g. magnesium- [23], or 168 

titanium-based [24] metallic compositions in 169 

solid-state, or by molecular physisorption on 170 

activated carbon [25], making it a safer, more 171 

convenient method [26]. Metal-Hydride storage 172 

uses the reversible chemical process of reaction 173 

between a crystal-structured solid metal with 174 

hydrogen gas. When hydrogen encounters the 175 

surface of the metal, the hydrogen molecule splits 176 

into two individual hydrogen atoms which are 177 

absorbed into the crystal structure of the metal to 178 

form a metal-hydride. The process of absorption 179 

is called the hydriding process, and heat is 180 

released as a result of the exothermic reaction. 181 

When heat is applied to the metal-hydride, the 182 

hydrogen is released as a gas during the de-183 

hydriding process. Both the hydrogen and metal 184 

return to their original phase and the reaction is 185 

therefore reversible [27]. Compared to the 186 

volumetric energy density of gaseous (4.4 MJ/L) 187 

and cryogenic (8.4 MJ/L), metal-hydride can 188 

deliver a volumetric energy density of up to 13 189 

MJ/L [28]. The use of metal-hydrides in remote 190 

telecom applications is particularly interesting, as 191 

the high energy density reduces space 192 

requirements, and the lower operating pressures 193 

mitigate the safety risks to personnel during 194 

maintenance activities.  195 

1.2 Contribution 196 

In this study, the technical and economic viability 197 

of hydrogen storage in solid-state is evaluated for 198 

use as energy storage technique to provide backup 199 

power to remote telecommunication towers. A 200 

particular focus is laid on rural, Sub-Saharan 201 

telecommunication that currently heavily rely on 202 

delivery of diesel fuel to operate reliably.  203 

Therefore, the water consumption and production 204 

in the closed RHFC is considered, to analyse the 205 

advantages of water recovery and recirculation 206 

with respect to the autonomous operation in rural 207 

areas where clean water is scarce, and delivery is 208 

challenging. In particular, this study uses a 209 

comprehensive semi-empirical 210 

MATLAB/Simulink model, establishes a strong 211 

evidence-based data set and formulate possible 212 

integration options of a novel low-pressure, solid-213 

state hydrogen-based energy storage system 214 

combined with Solar PV and battery energy 215 

storage, including dynamic losses of the power 216 

conditioning equipment. Levenburg-Marquardt 217 

least square algorithm is used for semi-empirical 218 

parameterisation of the metal-hydride and fuel 219 

cell models and the design parameters are 220 

presented. Additionally, simulations are 221 

performed using experimentally obtained telecom 222 

tower load data which is also presented in this 223 

paper.  224 

The methodology section explains the system’s 225 

components of the analysed energy system 226 

topologies. The control logic of the system is 227 

shown to understand the decision making, and the 228 

technical parameters that are used for the system 229 

design are presented. Following that, the semi-230 

empirical MATLAB/Simulink model is 231 

described, and the input parameters are given. To 232 

understand better the impact of hybridisation of 233 

lithium-ion battery with the solid-hydrogen 234 

energy storage system, several system 235 

configurations are analysed to find the impact on 236 

important financial parameters that can prove the 237 

system cost-effective. These results of the 238 

technical feasibility and economic viability are 239 
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presented and to conclude, future improvements 240 

and research efforts are presented. 241 

2. Methods 242 

The assessment of the technical feasibility and 243 

cost-effective sizing of the energy system is 244 

performed using MATLAB/Simulink. The 245 

simulation model is based on energy and power 246 

balances and discretized according to the input 247 

data. Energy data results are extracted for further 248 

economic assessment in MS Excel. 249 

2.1 System components characteristics 250 

The choice of the right technology for primary 251 

and backup power supply for optimum 252 

performance of the telecommunication site 253 

depends on several factors such as site space, site 254 

location, load profile, natural surroundings, etc. 255 

Nigeria’s climate offers the opportunity to deploy 256 

distributed solar PV, since capacity factors can 257 

reach as high as 19.2% [29].  258 

The Solar PV array consists of SunPower X22-259 

360-COM [30] modules connected in parallel, as 260 

individual module voltage of 59.1V is already 261 

sufficient for battery storage in a 48VDC nominal 262 

battery circuit, and the wiring circuitry is 263 

sufficiently short to avoid big voltage drop due to 264 

the high nominal operating current of 240A. 265 

Consequently, the MPPT DC/DC converter 266 

tracks the maximum power point to ensure 267 

efficient electricity generation. Because of the 268 

non-dispatchable, intermittent nature of solar 269 

energy and the dependency on atmospheric 270 

conditions, solar-based power systems must 271 

employ an energy storage system [31]. 272 

There are several technologies available for 273 

energy storage. Batteries are a typical solution for 274 

short term energy storage since they are highly 275 

efficient and have established supply chains, but 276 

the limited runtime, temperature sensitivity and 277 

disposal are just a number of challenges faced 278 

[32]. Batteries also face theft and vandalism 279 

issues; cell site operators report that battery theft 280 

is almost as acute a problem as diesel theft [33]. 281 

Hydrogen is considered as a viable alternative for 282 

the surplus energy storage from renewable 283 

sources [10, 34, 14, 35]. Although the Capital 284 

Expenditures (CAPEX) of hydrogen technologies 285 

is above that of competing technologies, the 286 

reduced OPEX and long lifetime stability make it 287 

a cost-efficient solution for their use in stand-288 

alone telecommunication tower applications [15, 289 

17, 18]. However, the process of power-to-290 

hydrogen-to-power results in low Round-Trip-291 

Efficiency (RTE). Hence a hybrid between high-292 

efficient Lithium-Ion batteries short-duration 293 

storage and cost-effective fuel cell for long-294 

duration storage is favourable [36, 37]. 295 

The battery bank consists of parallel 296 

10kW/10kWh lithium-ion batteries. The voltage 297 

at maximum power point of the PV array is 298 

59.1V, sufficient to recharge the lithium-ion 299 

battery bank up to 95% State-of-Charge, inside 300 

the plateau of the charge voltage characteristics. 301 

The charge current into the battery during 302 

simulation should not exceed the advised 120A 303 

by the battery manufacturer, considering ambient 304 

temperatures between 10-50˚C. The maximum 305 

continuous discharge current of the selected 306 

LiFePO4-Battery is then 50A. At this behaviour, 307 

the expected battery lifetime up to 70% of its 308 

remaining capacity is 7,000 cycles as per 309 

manufacturer datasheet. Hence, the battery is 310 

expected to be replaced multiple times during the 311 

25-year system’s operational life. 312 

Utilizing excess electricity from renewable 313 

sources, e.g., Solar PV, renewable hydrogen can 314 

be produced via water electrolysis [38]. The on-315 

site PEM electrolyser, consisting of parallel 316 

connected 5kW stacks, generates hydrogen which 317 

is stored in a Ti-based AB2 Solid-Hydrogen 318 

Storage Cell. The heat generated in the 319 

exothermic reaction is recovered in the 320 

recirculating cooling water circuit and utilized for 321 

heating of the Fuel Cell stack to reduce thermal 322 

cycling stresses and avoid cold start-ups, as well 323 

as pre-heating of the electrolyser water supply.  324 

The RHFC Energy Storage System (ESS) is 325 

designed with a rated power capacity of 5kW to 326 

cover the 3.6kW peak load with 40% excess 327 

capacity. The proposed energy system can be 328 

modularly increased to act as a micro-grid and 329 

provide electricity to the rural community around. 330 

The PEM Electrolyser voltage is controlled 331 

between 1.6-2.2V/cell, equal to 22.4-30.8V per 332 

stack. In the parallel connection, the circuit 333 

voltage becomes 44.8 - 61.6V. The operating 334 

current for the stacks at these voltages is 10-335 

220A, or 0.1 - 2.2A/cm2.  336 

Charging and discharge kinetics of the Ti-based 337 

AB2 metal-hydride are empirically tested by 338 

Dehouche et al. [24]in order to validate charging 339 

capacity, (dis-)charging equilibrium pressure 340 

(Peq), cycling stability, and absorption and 341 

desorption kinetics [24]. The Pressure–342 

composition–temperature (PCT) curve is shown 343 

in Figure 1, which shows that the nano-structured 344 

Ti-based AB2 can store up to 1.6 wt.% when 345 
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charged with below 10 bar of hydrogen pressure 346 

and after extensive cycling and offers good 347 

instantaneous discharge kinetics to allow for fast 348 

PEMFC start-up. These curves are used as input 349 

parameters for the simulations described in 350 

section 2.3. The lab results are fitted to the 351 

MATLAB/Simulink model using a Levenberg-352 

Marquardt least square algorithm as shown in 353 

Figure 2, while the fitted parameters are presented 354 

in Table 4 in section 2.3. The plateau slopes are 355 

first determined for the values of H-wt.% between 356 

0.5 and 1.2 and used as f(X) in equation 18 in 357 

order to find the enthalpy (ΔH) and entropy (ΔS) 358 

for absorption and desorption in the Van’t Hoff 359 

equation 18. Thereafter, these values are used to 360 

identify the ai parameters of f(X) for absorption 361 

and desorption using equation 19. 362 

A low temperature PEMFC is used to regenerate 363 

DC electricity from the stored hydrogen, as 364 

opposed to a high-temperature fuel cell [39] due 365 

to the commercial availability at the time of 366 

writing. PEMFC is perfectly suitable for backup 367 

power and distributed power generation because 368 

of its quick start-up time, low operating 369 

temperature and long lifetime. In theory, the 370 

process of a PEM fuel cell is the reversed of that 371 

of a PEM electrolyser. Hydrogen and air react to 372 

generate DC electricity, water and heat. To 373 

optimize balance-of-plant (BOP) and limit 374 

parasitic losses due to thermal energy 375 

requirements, the selected metal-hydride 376 

temperature characteristics should match the fuel 377 

cell operating temperature [40]. Liquid-cooled 378 

fuel cell is chosen for better control of the 379 

operating temperature [41], since the added 380 

weight is not significant in a stationary 381 

application, as opposed to applications such as 382 

Unmanned Aerial Vehicles [42] 383 

Figure 3 - Levenberg-Marquardt fitting to the 

empirical PEMFC results and utilising equation 11-15. 

The fit parameters are given in table 6. 

Figure 2 - Levenberg-Marquardt curve fitting to the 

empirical metal-hydride results (figure 1) and utilising 

equation 18 and 19. The fit parameters are given in 

table 5. 

Figure 1 - Characteristics and kinetics of the Ti-based 

AB2 Metal-Hydride, showing the equilibrium pressure 

for absorption and desorption (atm), desorption rate 

to satisfy PEM Fuel Cell hydrogen demand (cc/min/g), 

and the stability after 235 cycles [51] 
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The PEM Fuel Cell model is empirically 384 

validated in a lab environment and the 385 

Levenberg–Marquardt algorithm is used to fit the 386 

computational and empirical curves, replicating 387 

the expected real-life operating conditions as 388 

shown in Figure 3. The Fuel Cell is operated at 389 

60°C cell temperature and inlet gas temperatures. 390 

Relative humidity of the reactant gases is 100% 391 

and mass flow rates are as per equation 16 with 392 

stoichiometric flow rates of 1.2 and 2 for 393 

hydrogen and air, respectively. The lab-scale 394 

PEM Fuel Cell utilizes a 25cm2 Membrane 395 

Electrode Assembly with 0.4mg/cm2 platinum 396 

loading and 5mm thick graphite bipolar plates 397 

with square cross-sectional area, 4-channel 398 

serpentine flow-field design. Results of the 399 

empirical testing and validation of the Simulink 400 

model is presented in Figure 3, while the fitted 401 

parameters are presented in Table 3. The 402 

operating voltage of the Fuel Cell is 0.6-0.8V/ cell 403 

as can be seen in Figure 8, or 21-28V for the 35 404 

Cell stack. The current range of the Fuel Cell is 405 

0.15-1.2A/cm2, or 30-240A for the 200cm2 active 406 

area. The total operational power range of the 407 

Fuel Cell is then 1.17kW - 5.04 kW. This 408 

operating strategy is chosen to avoid risks of 409 

premature degradation for operation in the mass 410 

concentration area, which potentially accelerates 411 

dissolution of Platinum/Carbon catalyst and 412 

hence shortens the Fuel Cells lifetime [43].  413 

Hybridization with a Lithium-Ion battery pack 414 

also avoids high parasitic losses in the low 415 

current-density zone, where input power to 416 

auxiliary equipment to run the fuel cell, e.g., air 417 

blower, takes up a significant part of the power 418 

generated by the Fuel Cell, thereby significantly 419 

enhancing the system’s efficiency at low-power 420 

operation or during start-up of the RHFC. 421 

Additionally, this protects the Fuel Cell from 422 

running at potential range between 1 – 1.2 V/cell 423 

during rapid transient load changes, at which 424 

platinum is unstable according to the Pourbaix 425 

diagram [44].  426 

The high-level control flow diagram is presented 427 

in Figure 4. The battery is used as primary backup 428 

for the renewables when the State of Charge is 429 

between 15% and 95%, and the Fuel Cell is used 430 

as secondary backup and can be discharged 431 

completely. In the case both are empty, a Loss-of-432 

Load alarm is sent to the operator. When power 433 

generated by renewables exceeds the demand of 434 

the load, the battery is charged up to 95%, after 435 

which the electrolyser is powered to recharge the 436 

hydrogen. When hydrogen is recharged 437 

Figure 4 - Control system flow diagram, showing the decision making and hierarchy of the system, where the battery is used 

as primary backup for the renewables when the State of Charge is between 15% and 95%, and the Fuel Cell is used as 

secondary backup and can be discharged completely. In the case both are empty, a Loss-of-Load alarm is sent to the operator.  

When power generated by renewables exceeds the demand of the load, the battery is charged up to 95%, after which the 

electrolyser is powered to recharge the hydrogen. When hydrogen is recharged completely, the renewables are disconnected, 

and their energy curtailed.  
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completely, the renewables are disconnected at 438 

the MPPT controller and their energy is curtailed.  439 

The typical telecommunication tower site 440 

operates of a -48VDC bus [45, 46], hence 441 

converters are required to connect the systems to 442 

the bus. The model is simulated in fixed timestep 443 

of 1 Hz with ODE3b solver. Therefore, 444 

capacitance, inductance and switching effects of 445 

converters are neglected and a 1D-lookup table, 446 

with efficiency values adapted from the findings 447 

regarding the interleaved boost converters of 448 

Youn et al.  [47], is used to emulate the DC-DC 449 

converter efficiencies. As the system is not grid-450 

connected, further small signals of DC/AC 451 

transformers and their effect on the fuel cell 452 

operation are disregarded [48]. A schematic 453 

design of this system can be found in Figure 11. 454 

2.2 MATLAB/Simulink input data & 455 

boundary conditions 456 

Data of the telecommunication tower electricity 457 

demand is measured in 15-minute intervals using 458 

an Autometers HC1 datalogger installed directly 459 

on the distribution panel to measure, besides 460 

others, the voltage, current, and the total power 461 

consumption as is presented in  Figure 5. The 462 

electricity demand is measured over one month 463 

and extrapolated to represent the full year. The 464 

telecommunication tower load is a DC load, 465 

running at -48VDC with a power consumption 466 

between 2.2 and 3.6kW, averaging at 3.1kW. 467 

Additional reference data for the model is 468 

presented in Table 1. 469 

Table 1 - Data for modelling the single-tenant cell 470 
phone tower energy system. 471 

Reference data  

Avg. solar irradiance 276.8 W/m2 

Avg. Sun Peak Hours 5.9 h/day 

Avg. ambient temperature 24.1°C  

Avg. site load 3.1 kW 

System design life 25 years 

Annual inflation 2.3% 

 472 

2.3 Governing equations 473 

The conversion efficiency of solar cells is 474 

influenced by the solar irradiation received and 475 

the cell temperature. Modules are connected in  476 

 477 
Figure 5 - Measured load from single-tenant cell phone 478 
tower. 479 

series or parallel to form an array to achieve the 480 

desired current and voltage for the application. 481 

The cell operating current with changing 482 

irradiance and ambient temperature is calculated 483 

by [49]: 484 

 485 

𝐼𝑃𝑉 = 𝐼𝑃𝐻 − 𝐼0 [𝑒𝑥𝑝 (
V + 𝐼𝑅𝑆

𝑛𝑉𝑇
) − 1] − 𝐼𝑆𝐻 (1) 

 486 

Where the thermal voltage is found by [49]: 487 

 488 

𝑉𝑇 =
𝑘𝑇

𝑞
 (2) 

 489 

The temperature and irradiance corrected 490 

photocurrent is found by [49]: 491 

𝐼𝑃𝐻 = 𝐼𝑆𝐶 + 𝐾𝑖(𝑇 − 𝑇𝑟𝑒𝑓) ∙
𝐺

1000
 (3) 

 492 

Manufacturing defects or improper design of the 493 

solar cell can cause significant power losses if low 494 

shunt resistance is present. A low shunt resistance 495 

in the solar cell creates an alternative pathway for 496 

the photo-current to flow, hence reducing the 497 

useable current in the system and decreasing the 498 

efficiency. The shunt current is expressed as [49]: 499 

 500 

𝐼𝑆𝐻 =

𝑉
𝑁𝑆

+ 𝐼𝑅𝑆

𝑅𝑆𝐻
 

(4) 

 501 

The temperature corrected dark saturation current 502 

is found by [49]: 503 

 

𝐼0 = 𝐼𝑅𝑆 [
𝑇

𝑇𝑟𝑒𝑓
]

3

𝑒𝑥𝑝 [
𝑞𝐸𝑔0

𝑛𝑘
(

1

𝑇
−

1

𝑇𝑟𝑒𝑓
)] 

(5) 

 504 
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The reverse saturation current, 𝐼𝑅𝑆,is a measure 505 

of the leakage current between the anode and 506 

cathode of the solar cell, and thus is generated 507 

current not useable for work. The cell reverse 508 

saturation current is found by [49]: 509 

 

𝐼𝑅𝑆 =
𝐼𝑆𝐶

[𝑒𝑥𝑝 (
𝑞𝑉𝑂𝐶

𝑁𝑆𝑛𝑘𝑇
) − 1]

 (6) 

 510 

The Solar PV sub-model is modelled after the 511 

SunPower X22-360 module, its main 512 

characteristics are shown in Table 2. Modules are 513 

connected in parallel to increase the current 514 

output of the Solar PV array.  515 

Table 2 - SunPower X22-360 data for simulation [30]. 516 

Description Details 

Short-circuit current (𝑰𝒔𝒄) 6.48 A 

Open circuit voltage (𝑽𝒐𝒄) 69.5 V 

Number of cells in series 96 

Temperature coefficient (𝑲𝒊) 2.9 mA/°C 

Normal Operating Cell Temperature 45°C 

 517 

The PEM electrolyser stack is modelled with 518 

respect to Faraday’s law of electrolysis and the 519 

PEM electrolysis electrochemical reaction 520 

kinetics [50]. The principle of water electrolysis 521 

is: 522 

2𝐻2𝑂 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 + 𝐻𝑒𝑎𝑡 → 2𝐻2 + 𝑂2  (7) 

 523 

Where electricity and heat depend on the 524 

operating conditions of the PEM electrolysis cell. 525 

According to Faraday’s law of electrolysis, 526 

hydrogen production is directly proportional to 527 

the electric charge applied at the electrodes. The 528 

hydrogen production rate of a PEM electrolyser 529 

can therefore be expressed as [50]: 530 

 531 

𝑓𝐻2
= 𝑁𝑝𝜂𝑓

𝐼

𝑛𝐹
 (8) 

 532 

In an electrolysis cell, electrons and ions can 533 

participate in unwanted side-reactions and reduce 534 

the cell efficiency. This Faraday efficiency of 535 

electrolysis can be found by [50]: 536 

 537 

𝜂𝑓 = 96.5𝑒
(
0.09

𝑖
−

75.5
𝑖2 )

 (9) 

 538 

The applied electrical current to the electrodes is 539 

directly related to irreversible losses in the 540 

electrolyser and will increase the stack voltage 541 

and hence increase the power consumption of the 542 

electrolyser as per [50]: 543 

 544 

𝑉𝑒𝑙 = 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 + 𝐸𝑎𝑐𝑡 + 𝐸𝑜ℎ𝑚 + 𝐸𝑐𝑜𝑛𝑐 (10) 

 545 

The activation overpotential refers to the energy 546 

required to start the reduction and oxidation 547 

reactions in the electrochemical cell and is found 548 

by [50]: 549 

 550 

𝐸𝑎𝑐𝑡 = −2.3
𝑅𝑇

𝛼𝐹
log(𝑖0) +

𝑅𝑇

𝛼𝐹
log(𝑖) (11) 

 551 

The ohmic overpotential results from the internal 552 

resistance of the cell components and is found by 553 

[50]: 554 

 555 

𝐸𝑜ℎ𝑚 = 𝑖𝑅𝑖 (12) 

 556 

At high current densities, the transport of 557 

reactants to the reaction sites can become limited 558 

and reduce the concentration, thereby reducing 559 

the cells potential. This concentration 560 

overpotential is found by [50]: 561 

 562 

𝐸𝑐𝑜𝑛𝑐 =
𝑅𝑇

𝑛𝐹
ln (

𝑖𝐿

𝑖𝐿 − 𝑖
) (13) 

 563 

A PEM fuel cell is used to regenerate DC 564 

electricity from the hydrogen stored. In theory, 565 

the process of a PEM fuel cell is the reversed of 566 

that of a PEM electrolyser. Hydrogen and air react 567 

to generate DC electricity, water and heat. The 568 

correlating equation of this process is [51]: 569 

 570 

𝐻2 +
1

2
𝑂2 →  𝐻2𝑂 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 + 𝐻𝑒𝑎𝑡 (14) 

 571 

Like the PEM electrolyser, the amount of 572 

electricity and heat produced depends on the 573 

operating conditions of the PEM Fuel Cell. The 574 

PEM fuel cell consist of similar losses compared 575 

to the electrolyser as per equation 11-13, except 576 
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in the fuel cell environment the voltage drops with 577 

increased current drawn as per [51]: 578 

 579 

𝑉𝐹𝐶 = 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 − 𝐸𝑎𝑐𝑡 − 𝐸𝑜ℎ𝑚 − 𝐸𝑐𝑜𝑛𝑐 (15) 

 580 

The amount of hydrogen required is directly 581 

related to the current drawn from the fuel cell by 582 

[51]: 583 

 584 

𝑓𝐻2
= 𝑆 ∙

𝐼 × 𝑁𝑝

𝑛 × 𝐹
 (16) 

 585 

For Fuel Cell and Electrolyser, different input 586 

variables for the operating parameters are 587 

required, an overview of these is presented in 588 

Table 3.  589 

Table 3 - Input variables for PEMFC and PEMEL 590 
model. 591 

Parameter Fuel Cell Electrolyser 

𝜶 0.62 0.23 

𝒊𝟎 1.5*10-4 A cm-2 4.5*10-2  A cm-2 

𝑹𝒊 0.16 Ω cm-2 0.21 Ω cm-2 

𝒊𝑳 1.6 A cm-2 2.2 A cm-2 

𝑵𝒔 18 30 

Active area 200 cm2 100 cm2 

Temperature 65°C 60°C 

 592 

Hydrogen generated by the electrolyser is stored 593 

in a Solid-Hydrogen Storage Cell. Metal-Hydride 594 

storage uses a reversible chemical process 595 

reaction between the nanostructured solid-alloy 596 

and hydrogen gas. Hydrogen gas is absorbed into 597 

the crystal-structure of the alloy to form a metal-598 

hydride according to the expression: 599 

 600 

𝑀 +
𝑥

2
𝐻2 ↔ 𝑀𝐻𝑥 + ∆𝐻 (17) 

 601 

Where 𝑥 can vary depending on material 602 

characteristics, preparation, and activation. The 603 

gas-solid phase equilibrium pressure (𝑃𝑒𝑞) is 604 

described by the van’t Hoff’s equation corrected 605 

by the hydrogen-to-metal ratio (𝑓(𝑋)) [52]: 606 

 607 

ln (
𝑃𝑒𝑞

𝑃0
) =

∆𝐻

𝑅𝑇
−

∆𝑆

𝑅
+ f(X) (18) 

 608 

The quantities ∆𝐻 and ∆𝑆 vary with alloy 609 

composition and have different values for 610 

absorption and desorption due to hysteresis. 𝑓(𝑋) 611 

is expressed by the following general form, the 612 

values for 𝑎𝑖 can be found in Table 4. 613 

f(X) = ∑ 𝑎𝑖𝑡𝑎𝑛𝑖

9

𝑖=1

𝜋(
𝑋

𝑋𝑚𝑎𝑥
−

1

2
) (19) 

 614 
Table 4 - Values of the coefficients for metal-hydride. 615  

𝐀𝐛𝐬𝐨𝐫𝐩𝐭𝐢𝐨𝐧 𝐃𝐞𝐬𝐨𝐫𝐩𝐭𝐢𝐨𝐧 

ΔH -34,120 J/mol - 34,470 J/mol 

ΔS -115.16 J/mol·K -113.48 J/mol·K 

𝒂𝟏 1.4577 x 10-1 3.7670 x 10-1 

𝒂𝟐 1.8136 4.2464 x 10-1 

𝒂𝟑 -1.4743 -7.2843 

𝒂𝟒 -4.8656 x 101 6.6114 x 101  

𝒂𝟓 1.5159 x 102 2.4799 x 102 

𝒂𝟔 -8.6125 x 101 8.3607 x 102 

𝒂𝟕 -6.6868 x 102 -2.2442 x 103 

𝒂𝟖 1.9901 x 102 -3.7422 x 103 

𝒂𝟗 9.2057 x 102 -8.6533 x 103 

2.4 Economic assessment 616 

With many emerging energy technologies, 617 

business face many competing investment 618 

opportunities. To compare investment 619 

opportunities on a like-for-like basis, the most 620 

effective methods discount future net cash 621 

inflows, and further capital outflows back to their 622 

equivalent Net Present Value (NPV). The NPV 623 

represents the value or contribution of an 624 

investment to the business. If the NPV is positive, 625 

the investment is potentially worthwhile [53].  626 

 627 

NPV = −C0 +
𝐶1 + 𝑀1 + 𝐹1

1 + 𝑅
+ ⋯ +

𝐶𝑇 + 𝑀𝑇 + 𝐹𝑇

(1 + 𝑅)𝑇
 (20) 

 628 

The IRR uses discounted cash flows to calculate 629 

a percentage rate of return on an investment as per 630 

equation 21. The IRR can be more conceptually 631 

benchmarked against other investment returns as 632 

compared to the NPV [53]. 633 

 634 

0 = NPV = ∑
𝐶𝑛

(1 + 𝐼𝑅𝑅)𝑛

𝑛

𝑡=1

 (21) 

 635 

The LCOE is an important financial parameter to 636 

measure cost-effectiveness of energy generating 637 

technologies. Although LCOE calculations are 638 
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sensitive to the underlying data, it offers a 639 

comparison between projects and technologies. 640 

LCOE aims to provide comparisons of different 641 

technologies with different project size, lifetime, 642 

different capital cost, return, risk, and capacities. 643 

It is an economic assessment of the total cost to 644 

build and operate a power-generating asset over 645 

its lifetime divided by the total energy output of 646 

the asset over that lifetime [54]. The LCOE is 647 

calculated by: 648 

 649 

Which covers the whole lifetime of the energy 650 

system from year 1 (𝑡 = 1) to end of life (𝑡 = 𝑛). 651 

Where, 𝐶𝑡 is the CAPEX, 𝑀𝑡 is the OPEX, 𝐹𝑡 is 652 

the fuel cost, and 𝐸𝑡 is the electricity generated by 653 

the system. CAPEX and OPEX are gathered from 654 

industry reports and peer reviewed journal 655 

articles where possible and are presented in Table 656 

5 and 6, respectively. 657 

Table 5 - Capital expenditures for selected 658 
technologies. 659 

Solar PV $1,250 per kW 

Li-Ion battery storage capacity [55] $390 per kWh  

Li-Ion battery power capacity [55] $400 per kW 

RHFC electrolyser capacity [12] $1,800 per kW 

RHFC storage capacity [56] $20 per kWh 

RHFC power capacity [57] $2,000 per kW 

Diesel Genset [58] $600 per kW 

 660 

Table 6 - Operation and Maintenance expenditures for 661 
selected technologies. 662 

Solar PV 1.2% of CAPEX 

Li-Ion battery variable [55] $0.003 per kWh 

Li-Ion battery fixed [55] $10 per kW 

RHFC electrolyser variable  $0.02 per kWh 

RHFC storage 0.5% of CAPEX 

RHFC fuel cell variable $0.02 per kWh 

Diesel Genset [59] $0.78 per op. hour 

3. Results and discussion 663 

The modelling and simulation of the carbon-free 664 

energy system in MATLAB/Simulink 665 

environment is performed with the aim of 666 

optimizing its economic performance using an 667 

iterative process varying installed capacities. The 668 

results show the modelled energy system and the 669 

economic performance as well as the technical 670 

design to power a single tenant, off-grid 671 

telecommunication tower. 672 

3.1 Modelling results 673 

The governing equations outlined in section 2.2 674 

are modelled in MATLAB/Simulink 675 

environment, resulting in the model presented in 676 

Figure 6. The Solar PV model calculates the 677 

voltage, current, and resulting power generated 678 

by the Solar PV array from the hourly temperature 679 

and irradiance data. The solar module model itself 680 

is adjustable to fit commercial Solar PV module 681 

performance by adjusting the 𝑉𝑂𝐶, 𝐼𝑆𝐶, 𝑁𝑃 etc. 682 

Solar PV electricity generation and load demands 683 

are fed into the control system to determine the 684 

discrepancy between demand and supply. The 685 

control system determines, based on Li-Ion and 686 

H2 storage state-of-charge (SoC), whether to store 687 

or discharge energy from the ESS’s battery and/or 688 

RHFC module. The Lithium-Ion battery’s charge 689 

capacity and nominal voltage can be amended, as 690 

well as the charge- and discharge capacities. In 691 

the RHFC, the mass of Ti-based AB2 material can 692 

be amended to change the storage capacity, as 693 

well as the Electrolyser and Fuel cell active areas 694 

and number of cells the stack are configurable. 695 

Figure 7 shows the simulation outcomes for the 696 

week of 9-16 October. During the day, Solar PV 697 

generates sufficient electricity to power the load 698 

and excess electricity is sent to the Li-Ion battery 699 

pack and/or electrolyser, indicated as negative 700 

energy flow in Figure 7. At night, when Solar PV 701 

is not available, the Li-Ion battery pack is used up 702 

𝐿𝐶𝑂𝐸 (
$

𝑘𝑊ℎ
) =

∑ 𝐶𝑡 + 𝑀𝑡 + 𝐹𝑡 𝑛
𝑡=1 ($)

∑ 𝐸𝑡 𝑛
𝑡=1  (𝑘𝑊ℎ)

 (22) 

Figure 6: MATLAB/Simulink of the integrated hybrid renewable energy micro-grid system. Installed capacities are adjustable 

to configure future studies with different load profiles. 
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to 80% Depth-of-Discharge (15-95% SOC), after 703 

which the Fuel Cell satisfies the load demand.  704 

The operation is simulated over a full year to be 705 

able to examine system responses and load 706 

sharing between the solar PV, battery, and RHFC 707 

under various conditions. From Figure 10, it can 708 

be seen that the RHFC backup is critical 709 

throughout the year, when reduced Sun Peak 710 

Hours limit the battery recharge capacity and the 711 

RHFC share to power the load is over 40% of the 712 

total daily energy demand.  713 

When water recovery loop is not installed, a 714 

1,700L water tank would be required to prevent 715 

excessive site visits to remote locations as is 716 

shown in the accumulated water consumption in 717 

Figure 8. However, significant water refill of 718 

1,700L per year is still required in that case, in 719 

areas prone to lack clean water supply. With the 720 

thermal integration and water recirculation, the 721 

tank size can be limited to 400L tank, and no 722 

external water source or additional site visits are 723 

required, providing further benefits to the 724 

autonomous operability of the system.  725 

The system efficiency is evaluated by the average 726 

round-trip efficiency of the Battery and RHFC 727 

including dynamic convertors losses over the 728 

Figure 7 - Dynamics of the energy system, showing the ability to respond to demand chances. When renewable energy is 

available, this is sent to power the load. When there is an excess of renewable energy generated, this is sent to the Li-Ion 

battery, as well as the PEM electrolyser to produce hydrogen (H2), as is visible when the Li-Ion and hydrogen charge is 

represented by a ‘negative discharge’. When renewable energy generation is not sufficient to power the load, the PEM Fuel 

Cell covers the load requirements. 

Figure 9 - System efficiency of the analysed energy 

system configurations, showing high energy efficiency 

in the battery-only backup system (Batt) and a drop in 

efficiency when RHFC is added to the system, 

particularly during days of high PEMFC utilisation. 
Figure 8 - Accumulative water produced and consumed 

during the year, and corresponding State-of-Charge.  
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year, as well as the Solar PV conversion 729 

efficiency and plotted to represent a daily average 730 

system efficiency based on the share of power to 731 

the load. With only Solar PV and battery, the 732 

system achieves the highest overall efficiency of 733 

21.05% due to the relatively even share to power 734 

the load of 43.94% vs. 56.06%, respectively, 735 

combined with high individual efficiencies of 736 

22.18% and 90.28%, respectively. It is evident 737 

that efficiency drops when a larger share of the 738 

load is powered by the RHFC, directly linked to 739 

the lower RTE of the RHFC (between 33.14% - 740 

37.84% in the analysed cases) versus that of the 741 

battery (between 88.24% - 93.11%). This results 742 

in a system efficiency of only 14.41% for the 743 

Solar PV/RHFC system. The combined system 744 

efficiency at each day of the year is shown in 745 

Figure 9.  746 

3.2 Energy system design results 747 

As is shown in Figure 11, the proposed energy 748 

system is further designed to represent the full site 749 

considerations. Besides the earlier discussed 750 

energy components such as the Solar modules, 751 

battery and RHFC, also the necessary safety 752 

components are included in this schematic. 753 

Residual Current Devices are installed in each 754 

circuit to protect the circuit from current 755 

mismatch between live and neutral wires and cut 756 

the circuit in case such event happens. To protect 757 

the circuit from overcurrent and/or short-circuit, 758 

Main Circuit Breakers are in place in each 759 

individual circuit and are sized to trip if 20% 760 

overcurrent occurs in the respective circuit. 761 

Diodes are in place in the Solar PV array and 762 

RHFC circuits to protect components from 763 

damage due to reverse current. To ensure optimal 764 

system efficiency, resistive losses should be 765 

limited through proper wire sizing. Improper 766 

sizing of wires increases the voltage drop over the 767 

wire length or through uncontrolled resistive 768 

heating of the wires, causing wire failure or fire 769 

hazards.  770 

3.3 Financial results 771 

Any investment carries risks and requires 772 

extensive evaluation of the expected benefits to 773 

make a rational decision and mitigate the 774 

financial risks of the investment. To compare the 775 

several system configurations and optimize the 776 

return on the initial investment, the Net Present 777 

Value and IRR have been calculated and plotted 778 

as a function of the battery capacity in Figure 12. 779 

Figure 12 also presents the CAPEX and LCOE of 780 

the system configurations.  From the figure, the 781 

influence on battery capacity on the economic 782 

performance of the hybrid energy storage system 783 

is clearly visible. The capital cost of installation 784 

is lowest with battery capacity of 40kWh, as the 785 

higher round-trip efficiency (RTE) reduces the 786 

installed capacity of Solar PV from 23.4 kW for a 787 

Solar PV/RHFC system to 16.2 kW. However, 788 

higher battery capacities offset the advantage of 789 

reduced capital cost related to the installed 790 

capacity of Solar PV. The LCOE is most cost-791 

effective with a 40kWh battery capacity at 17.16 792 

c/kWh, as the hybridization at this scale allows 793 

for lowest total CAPEX and OPEX and achieves 794 

sufficient high system efficiency to effectively 795 

deliver the energy to the load. This means that for 796 

the most cost-effective system, the system 797 

efficiency is relatively low at 17.33% as described 798 

in section 3.1, hence a high system efficiency 799 

does not directly translate to economic feasibility.  800 

The LCOE significantly increases with increased 801 

battery capacity, predominantly influenced by the 802 

Figure 10 - Daily share of electricity delivered to the load, showing critical fuel cell backup during prolonged periods of low 

solar irradiance and/or high load demand. Hydrogen generation and seasonal storage offer the advantage of energy storage 

during periods of high solar irradiance and utilization during periods of low solar irradiance, allowing the RHFC to provide 

a share of over 40% of the total daily energy demand. 
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battery replacement cost, up to 47.01 c/kWh at 803 

160kWh battery capacity in the hybrid ESS and 804 

slightly reduces to 40.00 c/kWh for a Solar 805 

PV/Battery system. The RHFC dominated ESS 806 

configurations achieve a positive NPV, indicating 807 

the RHFC is critical in achieving commercial 808 

viability of the system. From Figure 12 it can be 809 

seen that operational cost of a hybrid or RHFC 810 

ESS are significantly lower compared to a battery 811 

ESS, almost completely due to an increase in 812 

variable O&M which include battery capacity 813 

increases the cost-effectiveness of the hybrid ESS 814 

up to the point that the relatively low RHFC RTE 815 

hurts the operational system efficiencies and 816 

increased Solar PV installed capacity is critical to 817 

offset the energy losses in the RHFC. The IRR 818 

follows a similar trend as the NPV; however, the 819 

IRR is marginally lower for 820 

Figure 12 - Influence of battery sizing on the Levelised Cost of Electricity, capital cost, and Solar PV required capacity, 

showing a system consisting of 16.2kW Solar PV, 40kWh Lithium-Ion battery, 10kW electrolyser, 1,000kWh solid-hydrogen 

energy storage, and 5kW Fuel Cell to be most cost-effective solution for a single tenant off-grid telecommunication tower. 

Figure 11 - Schematic of the proposed energy system consisting of parallel 45 Solar PV modules for primary power supply, 

40 kWh battery storage, two 5kW PEM Electrolyser stacks to generate hydrogen from excess Solar PV, Ti-based AB2 Solid-

Hydrogen energy storage, and a 5kW PEM Fuel Cell for backup power generation. 
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 the 20kWh system (15.15% vs. 14.00%, 821 

respectively). This is attributed to the lower 822 

CAPEX of the 20kWh system ($87,850 vs. 823 

$94,900, respectively). From Figure 12, it is 824 

evident that the RHFC has a significant impact on 825 

the LCOE for a single tenant telecommunication 826 

tower compared to battery or diesel-based 827 

systems, mainly contributed to the low OPEX. 828 

Combining a battery and RHFC as backup further 829 

reduces the LCOE, by reduced CAPEX of the 830 

system. Thereby, it can improve reliability and 831 

longevity of the system by reducing the annual 832 

operating hours of each technology, avoiding 833 

deep discharge of the battery pack, and avoiding 834 

excessive cycling stresses in the battery and 835 

RHFC.  836 

4. Conclusion 837 

The article establishes a strong evidence-based 838 

data set and formulate possible integration 839 

options using optimised empirical parameters and 840 

detailed modelling work to provide an outline 841 

design for a hybrid, integrated, and off-grid clean 842 

energy system, designed to provide a strong and 843 

resilient business model by understanding the 844 

relationship between the system’s capacity 845 

design, operational efficiency, and economic 846 

performance to show commercial feasibility of 847 

the technology. Extensive simulations have been 848 

performed in MATLAB/Simulink environment, 849 

and Levenburg-Marquardt least square algorithm 850 

is used to identify thermodynamic parameters and 851 

empirically validate the Solid-Hydrogen Storage 852 

Cell and PEM Fuel Cell.  The proposed optimized 853 

energy system contains an energy mix of 16.2 kW 854 

Solar PV for primary power generation coupled 855 

to a 10kW/40kWh Li-Ion battery for short 856 

duration energy storage and an RHFC (consisting 857 

of a 10kW PEM Electrolyser, 1,000kWh Ti-based 858 

AB2 Solid-Hydrogen Storage Cell, and 5kW 859 

PEM Fuel Cell) for long duration energy storage 860 

in a -48VDC nano-grid topology. The results 861 

show a reduced need for site-visits related to 862 

water and/or fuel delivery, as well as enhanced 863 

cost-effectiveness of the synergized system 864 

despite achieving lower overall system efficiency 865 

of 17.33% vs. 21.05% for a Solar PV/Battery 866 

system, resulting in an LCOE of 17.16 ¢/kWh 867 

compared to 73.40 ¢/kWh for a Diesel Genset 868 

power telecommunication tower. With a Net 869 

Present Value of $109,235 and IRR of 15.15%, 870 

the investment has commercial viability. 871 

Therefore, the initial high capital cost become 872 

valuable investment through reduced operational 873 

expenditures increasing the MNO’s profits in the 874 

long term, as well as increasing energy security, 875 

equity, and sustainability.  876 

Based on the financial analysis of the ESS 877 

configurations, it is advisable to hybridise ESS to 878 

achieve optimum return on the capital investment 879 

and limit financial risks while satisfying single 880 

tenant telecommunication load demand with zero 881 

on-site CO2 emissions. The results of the 882 

parametrisation of the metal-hydride and fuel cell, 883 

as well as the holistic techno-economical case 884 

study methodology will be of interest to future 885 

researchers in this field, while the results on the 886 

importance of hybridisation provide a direction 887 

for future research in hybrid zero-emission 888 

energy systems and acceptance of hydrogen as an 889 

energy storage technology, in particular for off-890 

grid applications. Future work will include 891 

modelling and simulating using real-time data to 892 

evaluate system behaviour during instantaneous 893 

responses to load changes and provide a platform 894 

for development of a Digital Twin model, as well 895 

as the development of a lab-scale prototype to 896 

validate the simulated energy and exergy 897 

efficiencies. 898 
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