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Abstract: The associated challenges with power generation from non-renewable energies are becoming sensible
with the adverse effect on the environment due to the increasing level of CO2 emission in the atmosphere. This
paper is aimed to demonstrate a stand-alone power system that will be harnessed to supply the demanded
electricity for a Cell phone tower installed in London. This system adopts an integrated solar PV system with
Hydrogen fuel cell as back up by producing the hydrogen and store it in site. The system was designed based on
the energy demands of a telecommunication tower. The conversion of incident solar radiation into electricity
that will generate molecular hydrogen through the electrolyser is constituting the critical aspect for this
technology. Thus, the PV array is designed to supply power to the load during the sunny hours, while the excess
electricity to be devoted to producing the hydrogen from the electrolyser, where the Hydrogen will be stored in
the solid state to operate the fuel cell. To reduce the system size, the levelized cost of electricity, and the storage
size, the electrical power will be imported from the grid during the reduced price of electricity when the weather
conditions do not allow the recharging of storage from the solar PV array. Due to the poor solar irradiance
received on the solar PV panels in London, the system was oversized and needed a larger hydrogen storage.
Additionally, the levelized cost of electricity is approximately £0.1308/kWh which is approximately the same
cost of importing the electricity from the grid, but the carbon emission can be reduced from 9126.2 KgCo2 per
year 4286.38 Kg.Co2/year. However, the energy consumption of the proposed cell tower is having a value
equivalent to ten UK household per year considering that the average electricity consumption of a UK household
is approximately 3300kWh/Year.

1. Introduction

The demands on energy in several sectors have dramatically increased in the past decades
especially after the industrial revaluation, with the fossil fuel was the dominating energy
source which is considered as the primary cause of Greenhouse gas emissions (GHG),
precisely the carbon dioxide (CO,) emissions. However, The UK is accountable for the
reduction of the CO2 emissions to over 50% between 2013 and 2020, in addition to an
ambitious new goal of CO2 to be achieved in the early 2030s. Therefore, to cut the carbon
emission to 57% by 2030 on 1990 levels it would require reducing the demands for energy
and improving the energy efficiency (UK GOV, 2015). Hence, in achieving the targeted
reduction in CO2 emissions, there are several measures to be taken to cut down the
dependency on the fossil fuels and adopting more renewable resources of energy.

Meeting the UK targets and obligations regarding the carbon emission in addition to the
other environmental and economic aspects, the Hydrogen cell can be one of the clean,
efficient, and sustainable energy source that would supply the demanded energy for deferent
sectors. Hydrogen as an energy carrier is the future of the fuel that can be substitutional for
the fossil fuel in almost every application, but without harmful emissions (Barbir & Veziroglu,
1992).

The Suggested method of the hydrogen production will be the Hydrogen production via
solar electricity. The conversion of incident solar radiation into electricity, that will generate



molecular hydrogen through the PEM electrolyzer, is constituting the critical aspect for this
technology, which has two generic approaches: the PV cells is to be used to supply electricity
to the load during the day hours, while the excess electricity to be devoted to run the
electrolyzer. The Hydrogen will be stored in solid state to operate the PEM fuel cell, which
will provide the demanded electricity during the night time.

Since the design will be implemented in London, therefore, the weather conditions of
will be considered for this specific location taking into account that the design can be
significantly affected by the solar radiation, the ambient temperature and the cloud cover.
This arrangement will supply the electricity demands for a cell phone tower whereas the
capacity of the hydrogen storage, which store the hydrogen in solid state using metal Hydrites,
can be assessed based on the load input power as if the cell tower is connected to the grid
with respect to the fact that during the bad weather condition the energy can be provided
during the night when the price of electricity is low. Important operation and performance
requirements should be ensured for this a system, such as voltage, frequency and harmonic
regulations (Yilanciabl, Dincerb, & Ozturka, 2001).

2. Aims and Objectives
The primary aims, and objectives of this project are:
1- Developing an integrated solar PV to generate electricity and utilizing the hydrogen fuel
cell as an energy storage system to supply the demanded electricity for cellular towers.
2- Designing testing and optimizing an innovative hybrid Photovoltaic solar array and
regenerative hydrogen fuel cell storage system.
3- Developing the appropriate control system for the PV energy generation, storage and
regeneration.
4- Determining the associated cost of the system in addition to the Levelized Costs of
Electricity generated by this renewable energy system.

3. Methodology

The system was designed and simulated using MATLAB Simulink, which will allow the testing
of the system performance with the support of the grid connection during the reduced-price
period. Accordingly, several measurements were carried out to determine the demands of
energy for the cell tower where a data logger (AutoMeters HC1) and a multimeter
(AutoMeters IC-970) were used for measuring and logging the load Voltage, Current, Power
factor, and input power. The data was logged for one month (from July to August 2018) and
was extracted into a spreadsheet. However, the implementation of the methodology was
carried out in different steps as follows:

3.1 Solar PV System Design and simulation

The sizing of the PV system was carried out according to London weather data, which
provided the hourly solar irradiance and the ambient temperature, with respect to the
demands of energy for the cell tower. The solar PV array was constituted of 45 SunPower X22-
360 solar panels (SunPower, 2016) which was tested in the lab and accordingly simulated
based on the solar PV equations.

3.2 Regenerative Hydrogen Fuel Cell
The MATLAB/Simulink model for the PEM electrolyser is modelled according to the following
equation:

Vel = VNernst + Eact + thm + Econc



As shown in visuals below, the operating parameters depend on the electrolyser
characteristics and are based on the Merrimack Goddard with15 KW, and an operating of
65°C. The excess power generated by the Solar PV is harnessed to power the electrolyser, the
operating voltage of the electrolyser is related to the current-density applied to the
electrodes. The PEM electrolyser characteristics and losses are modelled as per
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The PEM fuel cell is modelled according to equation:
Vfc = VNernst - Eact - thm - Econc
By deducting the irreversible losses from the Nernst voltage of 1.229V. The active area,
number of cells and operating temperature come from the PowerCell S2 5kW the operating
temperature is 65°C and the stack consist of 60 cells connected in series, each with 150 cm?2
active area.

3.3 Control System design
The critical component in the system is the control
system, which is responsible for ensuring the adequate
operation when changing between the different power
sources therefore the primary functions of the control
system are described in Figure 1. The simulated control

module was modelled according to the algorithm to
ensure the optimum operation that corresponds to the
conditions that maintain the cost effectiveness of the
system.

The complete system model was developed after
several optimizations in terms of the system sizing that
corresponds to the condition that avoids the draining
the storage to reach zero percent. Therefore, the
system was slightly oversized to ensure the production

of excess hydrogen during the supper to be consumed
in the winter to ensure the dynamic maneuver when
Figure 1: Control System the weather conditions change.

The final system size was as per Table 1.
Table 1 final system size

Component Manufacturer and model Capacity
Solar PV array SunPower X22-360 22.5 kWp
Electrolyser Merrimack Goddard 15kW
PEM fuel cell the PowerCell S2 5kW
Storage size LaNi5 4.5 MWh




The Figure 2 The Integrated Solar Photovoltaic system with regenerative hydrogen
storage demonstrate the simulated system components with the control system and the
Hydrogen storage.
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Figure 2 The Integrated Solar Photovoltaic system with regenerative hydrogen storage

4. Results and Discussion

4.1 The System Performance
Running several simulations allowed the optimization of the system performance to achieve
the optimum and cost-effective operation. Figure 3 demonstrates a one-year simulation
where the solar PV output, in the blue color, is generating the required energy and it peaks
during the summer time when the solar irradiation intensity is allowing the production of
excess electricity to fully charge the solid hydrogen storage and exporting electricity to the
grid and creating some revenues. Additionally, the system control is achieving the desired
performance when switching between the solar PV array, charging the fuel tank through the
electrolyser, charging and discharging the solid fuel tank, switching on and off the fuel cell in
addition to allowing the grid contribution during the cheap-electricity hours.

Load, Solar, To EL, To grid, From grid, Electricity pric

Figure 3 System performance during the bad weather conditions
During a bad weather condition in the winter it can be seen that solar PV is sharing the
load with the fuel cell during the day and the afternoon while during the night period when
the tank level is low, the power is provided from the grid during the reduced price period as
5kW for the cell tower and another 15kW supplied to the electrolyser to recharge the
hydrogen storage. Taking into account that the electricity prices have three different
segments (4.99pKWh, 13.53p/KWh, and 24.99pKWh) (The telegraph, 2018). Thus, the



electricity is continuously supplied while the system size was designed to avoid buying the
electricity in the peak hours.

On the summer, the state of charge shows that the hydrogen storage tank is 100%, the
solar PV is contributing to supply the energy demands to the telecommunication tower, the
electrolyser and allowing the export of electricity to the grid. Whereas, the fuel cell is
providing the electric power during the night and the system is operating in the optimum
performance as seen in Figure 4.

Figure 4 system performance during good weather conditions

4.2 Economic analysis

To ensure the economic viability of the system, the levelized cost of electricity was calculated
in accordance with the capital cost, operation and maintenance, and the annual energy
production.

The installed capacities were 22.5kW rated PV cells, 15 KW rated electrolyser. 4.5kWh
Hydrogen storage and 5kW rated PEM fuel cell. Since the price of kW peak for solar PV is
£1080 per kW installed (OFGEM, 2018). Thus, the CAPEX for the solar array will be £24,367.50
and by considering the O&M coat to be 1.5% from the capital cost then £8,552.5 will be added
to the overall PV array price and the system will generate 27MWh/yr with about 11.5MWh/yr
is provided to the cell tower, 690.75KWh exported to the grid, and around 14.8kWh/yr
consumed by the electrolyser. The electrolyser and the fuel cell prices for the desired rated
power is £1860 kWpeak and £1290 kWpeak respectively by considering that the O&M
expenses are 3% of the capital cost for both types equipment (O. Schmidt, 2017). Since
4.5MWh of Hydrogen was stored per annum; thus, the value of the hydrogen storage was
found to be £34,615.38. Accordingly, the RHFC system cost is £68,965.38. However, Total
hydrogen produced by the electrolyser with an average efficiency of 80.92% is approximately
17.8MWh/yr while the energy generated by the fuel cell, which has an average efficiency of

58%, from the produced Hydrogen is about 11.41MWh/yr.
From the results, the amount of electricity exported from
the grid during the bad weather was 17.23MWh/yr where
9.85 MWh/yr was supplied to the cell tower and the
remaining energy was consumed to charge the Hydrogen
storage tank. Based on the above, the capital system cost
including the O&M is £123,776.00 where the total useful

Solar PV M Grid MRHFC energy generated is 649,829.45 kWh/yr; thus, the levelized

cost of electricity (LCOE) will be £0.1308kWh.



Based on the current electricity prices the expected electricity bill for the current year
is approximately £4,342.26 while the electricity bill with the system implemented is projected
to be around £859.82, which is creating a saving of £3482.44 per annum. However, by
considering a 3.5% increase in the electricity prices per year the conservation for twenty years
can be anticipated to be £124,208. Taking into account the renewable energy incentives
provided by the UK government for energy generating and exporting to the grid which is
4.17p/KWh and 5.24 p/KWh respectively (OFGEM, 2018). Therefore, some revenues can be
obtained by applying to this scheme where these incentives are provided based on the energy
generated and exported. According to the simulation results, the total useful energy
produced from solar is 27mWh where 690.75kWh was exported to the grid creating an
income of £1162.63. however, this number was considered constant over the 20 years thus
the repayment period for this investment was forecasted to be a maximum of 19.5 Years.

4.3 Carbon Savings

Starting from the current carbon conversion factor for the UK electricity of 2018, which is
0.28088 Kg.CO, (Department for Business, energy & industrial strategy, 2018), thus the carbon
saving during the 20 years of system operation will be approximately 4286.38 Kg.CO, per year
while the current carbon emission is about 9126.2 KgCo2 per year for one cell tower only.

5. Conclusions

In conclusion, the integrated solar PV array with regenerative hydrogen fuel cell system size
under the weather conditions in London should be oversized to ensure the appropriate
operation where the solar PV system was designed to maintain the sufficient amount of
hydrogen in the storage for the whole year. However, if the same arrangement was applied
to different climate, the size of the system will noticeably decrease, which will necessarily
reflect on the capital cost, the repayment period and the LCOE.

The capital cost of this arrangement will be around £124,208 while the LCOE based on
the energy generated is 13.08p/KWh with the repayment period of this investment is
anticipated to be about 19.5 years. The grid connection contributed to maintaining the state
of charge in the acceptable level to prevent the drain of hydrogen storage in addition to the
impact on the system sizing and costs. Furthermore, the carbon emission was reduced by
about 53%. However, the energy consumption of the proposed cell tower is having a value
equivalent to ten UK household per year considering that the average electricity consumption
of a UK household is approximately 3300kWh/Year.
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