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ABSTRACT
The use of renewable energy-generated hydrogen can be an gfifg i reduce the impact of
carbon emissions on global climate change. Water electrolyst ogy for producing green
hydrogen due to its scalability, which can help balance the gapNgea#e gy demand and supply. This
study evaluates the technical feasibility of integratingggimg electrolysis component into a stand-
alone community wind energy system. The wind ‘ D% the system charges a battery bank
used for community business activities. The res ed sifificant excess energy that can be used to
produce hydrogen. By integrating a 7 kW elegt firogen production of up to 235 kg can be

ydrogen can be used as a clean fuel to meet

the usual unmet loads in off-grid systems ut requiring system upsizing.
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INTRODUCTION

The awareness an rnative energy sources other than traditional fossil fuels have
Cd significantly [1]. Recently, there has been much interest in
a synthetic fuel and energy carrier to accelerate the transition to
27. While the focus is on the large green hydrogen production plants
ational energy demands, there is an opportunity to maximize the
Renewable Energy (RE) systems, mainly solar photovoltaics (PV) or
as applications [3]. Due to the nature of these RE systems, storage in the
batteries is usually required to cater for when the renewable energy source is
.NBattery technologies are still expensive, and if the storage capacity is not
roperly, the system may become high-priced. This can lead to large excess energy
also known as dump load by the RE system [3]. The incorporation of the hydrogen production
subsystem offers a good solution to utilise the excess energy by integrating an electrolyser to
produce green hydrogen which can be stored in hydrogen tanks for later use.
The three well-known types of electrolysis systems are alkaline electrolysis, proton exchange
membrane (PEM), and solid oxide (SO) electrolysis. These technologies follow different
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methods of achieving electrolysis, mainly with how they use different charge carriers and
environments in which the electrolysis takes place [4]. The PEM electrolysis systems, in
comparison to the aforementioned technologies, can respond rapidly to varying power inputs
and therefore can be easily integrated with renewable energy systems [5]. The PEM technology
also offers lower operating temperatures, robustness, flexibility in fuel types, high power
density, fast start-up and fewer problems with corrosion and leaks [6]. The PEM model, unlike
the alkaline and SO systems exhibits a high level of precision in its depiction of the
electrochemical phenomenon occurring within the fuel cell [7]. The model incorporates various
characteristics, including the compressor dynamics, the dynamics of manifold filling, and
subsequently the partial pressures of the reactants. In contrast, empirical models [7] prioritise

parameters. Nevertheless, these models typically exhibit lower computatio
offer greater ease of development and utilisation.

The literature provides information on the incorporation of hydrogen
grid-connected and off-grid renewable technologies. Neverthelg
comprehensive studies on various configurations and applications d
systems (HRES) that incorporate batteries, wind energy-bascgdgsgo

, and hydrogen-
based storage units [8]. Scamman et al. [9] investigated a pro @

ogen production

E output nature.
& analysis of different hybrid
Ssuch as batteries, hydrogen, and

In their study, Awan et al. [10] conducte
renewable energy systems that incorporate
pumped hydro at Sharurah, Saudi Arabi
employed to determine the optimum si
system has been demonstrated to b
diesel-fuel cell configuration repigs
based storage classification. In

ically viable solution [10]. The wind-
cost-effective option within the hydrogen-
m this study, hybrid renewable energy systems
(HRES), wind energy - bg n - based storage units seem to be the most
economical option. Rezk & ensitivity analysis on a PV-fuel cell-battery system
design using the HO of affd evaluated it to supply a small community in Saudi

optimise the sys QLT B9. Compared to the grid extension option and diesel generator,
the designed sys N{OWnd to be at least 67 % more cost-effective. In another off-grid RE
hydrogen ct 1y, Tebibel [12] developed a multi-objective methodology for

production from the system while avoiding energy dumping by diverting
the electrolyser but allowing a bi-directional converter kick-in to assist
regime. This type of system requires a significant battery capacity to cater for

demand and electrolyser to produce hydrogen for a vehicle. Last, but not least,
Janssen et al. [14] did cost projections for green hydrogen production through off-grid systems
in Europe. The main finding was that the cost of green hydrogen production systems differs
depending on different technologies, locations, and points in time. Furthermore, the authors
discovered that at present hybrids of wind-based hydrogen production systems seem to be more
cost-effective compared to solar PV systems.

In their review of HRES, Come Zebra et al. [15] highlighted barriers to the increased
market uptake of off-grid renewable energy applications in developing countries. Among these
barriers are low awareness, high initial costs, lack of demo projects, maintenance issues, and
no follow-up programs. In a study by Nyarko et al. [16], the drivers and challenges of off-grid



renewable-based systems in West Africa demonstrated similar findings regarding
technological, social, and economic challenges. The existing body of literature examines three
distinct approaches to supplying power to remote regions: grid-extension, mini-grids, and
decentralised independent systems. Mini grids are widely regarded as a favourable solution
[17] for the electrification of rural areas, when compared to alternative solutions. However,
just like grid-extension, the feasibility of expanding the grid to rural areas is hindered by the
considerable expenses associated with connecting sparsely populated and dispersed households.

In Namibia, not only access to electricity is a challenge but also affordability largely
because of a sparse population over a widespread area, making it expensive to reach remote
areas via the grid extension [18]. Standalone solutions are exclusively appropriate for singular

isolated areas facing challenges in grid expansion due to difficulties a
viability [21].
This research aims to examine the technical viability of sm4

annual hydrogen production by altering
wind energy output from wind spe
reliable metric to demonstrate the cap@city of jn
increase in electrical load demagd or
in the system.

endent systems to accommodate anticipated
ithoulrequiring much additional financial investment

MATERIALS AND,

This section ct site, the data collected and the analysis methods.

a small-scale community-run wind energy system. The system is
amibia, and supplies electricity to a sewing group of women from Benguela
income for themselves [19]. The township is characterised by none to low-
ho mainly depend on the saturated fishing and surrounding mining industries
t. As a result, many cannot afford electricity tariffs and do not have electricity in
. The current wind energy system consists of three small-scale turbines rated at 3.5
kW each with a combined capacity of 10.5 kW. Figure 1 shows the project setup. There is a
separate workshop on the premises where electricity generated is supplied to sewing machines.
The total load demand is only 11 kWh/day (about 4 MWh per year), consisting of five sewing
machines, a chest freezer, an air conditioner and lights. The project’s challenge is the lack of
productive use of the wind energy generated for income generation within the community. A
significant portion of the electricity generated is being wasted through dump load. The
configuration is based on a 48 voltage direct current (V DC) system and the system's main
components are as detailed below:

e Three 3.5 kW, e400nb, 3.5 kW, 110 V DC, PMSG-based Kestrel wind turbines

e Three Kestrel Voltage limiters, 3.5 kW, 110 V DC,
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e Three Midnite Solar Classic 200 maximum power point trackers (MPPTs),
e Battery bank: 16 batteries, 12 V, 260 Ah @C10, Absorbent Glass Mat (AGM)
A 48 V/10 kVA Victron inverter.

Figure 1: The Benguela Communlty Wlnd Energy System comprising the
and sewing room.

System configuration

safeguard against high voltage, each turbine is linked to 8
maximum power point trackers (MPPTs). The MRRTs a
charging current needed to charge the battery baf, shiddding Wfrom overcharging and over-
draining by the load. The battery bank is th con g o a 10 kW inverter that provides
alternative current (AC) electricity to the 1

MPPTs Inverter ﬁ

Figure 2: The Benguela wind demonstration project schematic diagram of the current system
configuration plus the proposed hydrogen production to be integrated

/

Site wind speed characteristics

To ascertain the wind energy output profile generated by wind turbines, it is important to
initially evaluate the wind characteristics present at the site. Wind data was collected from a
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nearby site in Liideritz for resource assessment purposes from 2012 to 2018. Wind data
covering a full year, from Sep 2017 to Aug 2018, based on a 10-min averaging time series was
used for this study. There are several models for characterising site wind in literature [22], [23],
for this analysis, the Weibull distribution model was used. Equation (1) below was used to
calculate Weibull distribution f(u) of the measured 10-min averaged data:

@ () e

Where k and c represent the Weibull shape and scale parameters in m/s, respectiy@ty, and u
is the measured 10-minute wind speed in m/s.

Wind turbines' energy output

Wind turbines convert the kinetic energy in the wind into electricd
generated by wind turbines increases with the hub height of the turbinggz
proportional to hub height [24]. The power output of the wind energy
on measured wind speed (u) at a hub height of 25 m, while the wj ' afe installed at 22m.
To consider the actual hub height, researchers could use two g aadytical models for
wind speed data extrapolation, namely the power law and t ;
models require knowledge of the wind shear effect which% M due to its dependence on
various factors such as wind speed, site topography,
apolat®d wind speed data is prone to
ons since it varies to the cube of the

is deemed insignificant. In addition, the e introduced by extrapolation may be
larger compared to the impact of i ifference. Table 1 lists the technical
specifications of the site wind 1 crucial to accurately estimate the power
generated by the turbines (Py Equation (2) [27]. When the wind speed (u) is
below the cut-in wind speed gipal tf wind speed, the wind turbine does not generate
any power. However, if the @ alls between the cut-in wind speed and the rated wind
speed, the generated pQufne it

Equations (3) and (4)§ i
the cut-off wind [

0, if ur < u<ug

T = Cluk + Cz, lf uc S u S uT (2)
B, if up=zuz=u,
derm@tes the rated power of the wind turbine; k is the Weibull shape factor; u, is the wind

turbin: d speed, u, is the cut-in wind speed, uy is the cut-off wind speed. The constants C;
and C, are defined as follows:

= ——= 3)
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Table 1: Technical specifications of the system wind turbines

Parameter Value

Rated power (kW) 3.5

Cut-in wind speed (m/s) 3
Rated wind speed (m/s) 11
Cut-off wind speed (m/s) 25
Hub height (m) 18 -22

When the wind energy system generates more power than
splits water into hydrogen and oxygen using the exccss
(Petectrolyser) available for the electrolyser is computed f

in Figure 1 as:

Pelectrolyser = Pyr * g Y . (5)

NMpat = 80 % is the battery bank: cieficy, and 717;,, = 98 % is the inverter efficiency.
During the night, all the available for the electrolyser and the chest freezer.
tage regulation hence, they do not consume power

rsed are in accordance with the recommendations provided by

the manufac of electrolysis involves a chemical reaction that requires a specific
amount of ~ wvater into oxygen and hydrogen. The electrolyser voltage (V ey erec)
for splitti n to occur can be expressed by Equation (6) [13]:

AH 6
Vcell_elec = ﬁ * Nelec ©

Where AH = 285.85 kJ/mol, denotes the high heat value of hydrogen; F = 96485 C/mol is the
Faradays constant and electrolyser efficiency is 7,0 = 80 %. 2 is the number of hydrogen
electrons from its two atoms in the water molecule.

For water decomposition, 1.23 V is enough theoretically [28]. At this theoretical voltage, the
electrolyser’s operating was considered to have an efficiency, ... of 100 %. However, in
practical applications, it may vary depending on electrodes type. Applying the PEM electrolyser
model in this study, a minimum voltage of Vi g ¢foc = 1.48 V was considered, as per
recommendation. The practical cell voltage is higher than the theoretical value to account for
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losses in the cell which are caused by internal resistance, Faradaic losses, and heat losses [6]. The
electrolyser voltage efficiency used in this study is 80 %.

The evaluation of electrolysers' nominal power, ranging from 3 kW to 8 kW, was conducted
using an hourly hydrogen flow rate. Based on Faraday’s law, the amount of hydrogen (M, )

produced by an electrolyser can subsequently be obtained by employing Equation (7):

Prated_elec

= 3600 1/h O]
z 2 x Vcellelec *F " (mo / )

My

Where Pygteq etec 15 the rated power of the electrolyser. The operational constf@nt fgr the

electrolysers was set according to minimum power requirement, normally refgFFe s low
partial load range. Hence, a partial load range of 10 % of electrolysers’ rated powe s red

in the analysis [29].
RESULTS AND DISCUSSION
This section presents the main outcomes of the project and dj % pnt and applicable
findings.
Wind characteristics analysis

The data presented in Figure 3 depicts the Weib strib¥gion wind speed collected during
a 10-minute interval at a hub height of 25 m, spaffing TRgm Scptember 2017 to August 2018.
The Weibull distribution shape (k) and scale (@fpardigeterSat 25 m were 1.626 and 6.961 m/s,
respectively. Figure 4 displays the monthl Waudh ofNdd speeds observed at heights of 11
m and 25 m, with the highest average wi dbd in January (7.83 m/s) and the lowest
in April (4.17 m/s) at 25 m. The win di ith height, indicating that more energy
is generated as the hub height incggasgs.

Figure 5 shows the variatiog@h win®hspeed throughout the day for January (high wind) and
April (low wind). The graphd that®®1nd is calmer during night hours for both months,
resulting in more energy+4g g the day, which is beneficial for the system as
community business aggifg

Journal of Sustainable Development of Energy, Water and Environment Systems 7
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Figure 3: Weibull distribution based on site 10-minute mea; i cd values at 25 m height

O\

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
Em/s @llm © m/s @25m

Wind speed [m/])
S = N W B~ N N0 0 O

nthly wind speed variations at 11 m and 25 m hub heights in Liideritz, Sep 2017 —
Aug 2018
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Figure 5: Average wind speed variation according to time of da

Wind turbines energy output

The turbine systems have been installed at a hub height of 22 m. 4 s, however,
i BafY) to estimate
pted wind energy
#tcd annual energy
850 hours annually.
ity, as the wind speeds
shows the amount of excess
can Sustain the current load for up
s§umed that a steady 100% state of
arging. All of these factors translate
y by the system with the current load.

generated energy by the system every month.
to nearly three days without needing a rech
charge, resulting in minimal energy need
to an excess energy generation of neaﬂ#

>

W

—_

-

N\

Wind energy production [MWh]
ova»—nmt\)‘&)wm.bmm

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
® Load demand Excess energy

Figure 6: Monthly wind energy production indicating load demand and excess energy

Electrolyser selection and hydrogen production

In order to mitigate power wastage, as seen in Figure 6, it is advantageous to employ the
surplus power generated by the wind system for the purpose of water electrolysis. Using the
hourly hydrogen flow rate determined by Equation (7), electrolysers' nominal power ranging
from 3 kW to 8 kW were evaluated. The monthly hydrogen production variations are given in
Figure 7. Green hydrogen can be produced each month and with all electrolyser sizes. When
using a 7 kW electrolyser, the production is at least 15 kg per month during high wind season

Journal of Sustainable Development of Energy, Water and Environment Systems 9
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and between 3 kg and 6 kg during low wind months. It's interesting to note that the 3 kW and
4 kW electrolyser sizes performed better during low wind season in terms of hydrogen
production. However, in all other months, the system used significantly more energy to produce
less hydrogen, suggesting that the electrolyser ratings may be too small for the wind system.
In Figure 8, the yearly totals for each electrolyser size are displayed. The 7kW electrolyser
generated the highest amount of hydrogen production, producing 235 kg within 1562 hours of
operation. This is in contrast to the 6kW electrolyser, which produced 206 kg but required 1862
hours of operation. The hours of operation are indicated above the respective bars. Additionally,
having fewer hours of operation can extend the longevity of the electrolyser. The size of the
electrolyser should not exceed 7 kW, as hydrogen production decreases significantly beyond
that point. The 8 kW electrolyser can only generate hydrogen at night and red excess

40 % and 39 %, respectively. The green hydrogen gas produced can be sto
tanks that can be located underground, to ensure both security and efficienc
undergo direct combustion or be transformed into electrical energy thro

ch ion of
fuel cells once more. The oxygen that will be produced can be used agga i n fuel cells.
The inputs and outputs of this system can serve as a supplementaryf€ompagegt offthe system.

Al

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

N N W W
S hn O W

Hydrogen production [kg]
S o

(9]

(=]

M8kW WT7kW wo6kW wSkW w4kW u3kW
gure \ntﬁyvariation of hydrogen production at 25 m hub height

Ny
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affected by a potential increase in future load demands. W1 0% Mcrease in load, the 7 kW
electrolyser would only operate during the night g N3 kg of hydrogen annually. In

Figure 8: Annual hydrogen production and the excess energy used by

As presented above, integrating an electrolyser can reduc
to 40% with the current load demand, resulting in an ann

reduced excess energy by 38%. If the lo
electrolyser would only operate during ni
electrolyser. If the load doubles in t t th em may not be able to accommodate
electrolyser sizes above 5 kW. In thif caSe, the\ kW electrolyser produced 172 kg of annual

of efgess'energy and an operation time of 1899 hours.
j y- battery-based, and hydrogen-production unit

electrolyser. On the g 1 ces when the average power generation of the turbine
ini of the electrolyser, it becomes necessary to deactivate the
electrolyser. Thefle

maximum ol system with a focus on robustness can be implemented to
identify surfllus win® y and assess the capacity of the hydrogen storage tank to decide the
optimal tikgig for a@tivating the electrolyser.

potential to help achieve Sustainable Development Goal 7.1 (SDG 7.1),
whic ovide universal access to clean cooking by 2030. As a direct benefit to the
e monthly hydrogen produced can be sold for clean cooking purposes. This can be

hydrogefl” These clean cooking solutions may prove to be suitable for off-grid setups as they may
only require minimal modifications for Liquid Petroleum Gas (LPG) cookstove users or enable
the integration of high-load appliances like electric stoves onto off-grid systems, which are often
limited by the battery bank. Therefore, the hydrogen production addition can act as a pilot to assess
the impact of the two hydrogen cooking solutions, thus filling a research gap. In addition,
hydrogen can also be used by the community for cooking and selling food, creating another
business opportunity for the project.



CONCLUSION

The Benguela Community wind energy system, located in Liideritz, Namibia, is a source
of electricity that powers community business activities, ultimately promoting socio-economic
development. This system is situated in the most optimal location for wind energy in Namibia,
where wind speeds range from 4.17 m/s in April to 7.83 m/s in January, at a hub height of 25
m. The system’s three 3.5 kW turbines generate around 33 MWh of wind energy annually.
However, more business activities are needed to ensure the sustainability of the project. The
surplus electricity that the system produces can be used to produce green hydrogen. To
incorporate an electrolyser into the current system configuration, various sizes were examined.
Electrolysers rated below 7 kW can be integrated with the current load. A 7 kW elggtrolyser
can generate a significant annual amount of hydrogen, which is 235 kg, and reduc
of wasted electricity by 39% based on the current community load demand. Lgme
increases in the future, a 5 kW electrolyser can be used with a 100% load 1
generate 172 kg of hydrogen annually. This can help reduce excess eg
Hydrogen production can fuel direct combustion cookstoves or electr1c
which may become a viable cooking solution in the future for off-g
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