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Abstract: In the quest for decarbonisation, it’s essential for different sectors of the economy to collaborate and
invest significantly. This study presents an innovative approach that merges technological insight with
philosophical considerations at a national scale, with the intention of shaping national policy and practice. The
aim of this research is to assist in formulating decarbonisation strategies for intricate economies. Libya, a major
oil exporter aiming to diversify its energy revenue sources, is used as the case study, although the principles
can be applied to create decarbonisation strategies across the globe. The decarbonisation framework evaluated
in this study encompasses wind based renewable electricity, hydrogen, and gas turbine combined cycles. A
comprehensive set of both official and unofficial national data was assembled, integrated and analysed to
conduct this study. The developed analytical model considers a variety of factors including consumption in
different sectors, geographical data, weather patterns, wind potential, and consumption trends, amongst
others. Even when gaps and inconsistencies were encountered, reasonable assumptions and projections were
used to fill these. This model is seen as a valuable foundation for developing replacement scenarios that can
realistically guide production and user engagement towards decarbonisation. The aim of this model is to
maintain the advantages of the current energy consumption, assuming a 2% growth rate, and to assess changes
in energy consumption in a fully green economy. While some level of speculation is present in the results,
important qualitative and quantitative insights emerge, with the key takeaway being the use of hydrogen and
the anticipated considerable increase in electricity demand. Two scenarios were evaluated: achieving energy
self-sufficiency and replacing current oil exports with hydrogen exports on an energy content basis. This
study offers, for the first time, a quantitative perspective on the wind-based infrastructure needs resulting from
the evaluation of the two scenarios. In the first scenario, energy requirements were based on replacing fossil
fuels with renewable sources. In contrast, the second scenario included maintaining energy exports at levels
like the past, substituting oil with hydrogen. The findings clearly demonstrate that this transition will demand
vast changes and substantial investments. The primary requirements identified are 14876 or 24532 square
kilometres (for self-sufficiency and exports), and 47 single-shaft 600 MW combined-cycle gas turbines. This
foundational analysis could represent the commencement of the research, investment, and political agenda on
the journey to decarbonisation.

Keywords:

1. Energy Demand Prediction for Libya In 2050

The urgency, global nature, and necessity for substantial investments for decarbonisation are
widely recognized (Economist 2021, Dray 2022). These investments are crucial to preserve the
significant progress achieved over the past century in reducing global poverty (Rosling 2019). Hence,
environmental preservation, sustained economic growth, and the wise use of natural resources are
inextricably linked. Major investors are already gearing up for this transition (UNPRI 2021). The
philosophy of concurrent economic and environmental sustainability, the recognition of the issue’s
global nature, and the urgency to engage young talent are paramount (Parker & Pilidis 2021).
Collaborative efforts spanning multiple sectors in large economic entities can yield significant
economies of scale and experiential learning. This necessitates comprehensive and coordinated
transition strategies that span across many economic sectors. In this study, a knowledge gap is
addressed by introducing a novel technophilosophical approach (Nielsen, 2012), providing a clear
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understanding of the challenges and requirements, thereby informing these strategies. A
comprehensive and quantitative country-level replacement analysis of this kind has not been
previously reported in public literature.

Libya, a leading oil exporter and the home country of one of the authors, has been selected, here,
as a case study for decarbonisation by 2050. Given its size and the planned replacement of
hydrocarbon exports with green energy, Libya is a suitable candidate for decarbonisation, permitting
an analysis that is both useful and representative. The volatile political situation in the country posed
challenges in selecting a baseline for the study. However, in hopeful anticipation for the country’s
journey towards peace and prosperity, national and international data were accessed to estimate
future energy demands and daily consumption patterns (OAPECORG 2014, USEIA, 2022, Global
Economy 2022, Country Economy 2022, Our world in data 2022, Rawesat and Sannuga 2022).

The urgency to decarbonise is a global matter that necessitates significant investments
(Economist 2021, Dray 2022). These investments are required to preserve the remarkable progress
made in reducing global poverty over the past century (Rosling 2019). As a result, environmental

conservation, sustained economic growth, and prudent use of natural resources must proceed
in tandem. Major investors have already begun preparing for these transitions (UNPRI 2021). The
philosophy of concurrent economic and environmental sustainability, the recognition of the issue’s
global nature, and the imperative to engage emerging talent are crucial (Parker & Pilidis 2021).
Collaborative efforts across a variety of sectors in large economic entities will yield significant
economies of scale and experiential learning. This calls for comprehensive and coordinated transition
strategies that span numerous economic sectors. In this study, a knowledge gap is filled by offering
a novel technophilosophical method (Nielsen, 2012) which provides a clear perspective on the
challenges and requirements, thereby guiding these strategies.

A holistic and quantitative country-level replacement analysis of this kind has not been
previously seen in public literature. In hopeful anticipation of the country finding a path to peace and
prosperity, national and international data were used to estimate future energy demands and daily
consumption patterns.

Through the details of the Libyan Oil Industry (S&P Global 2023, OPEC 2021) and publications
on the use of renewable energy (Ibrahim 2006, Ramelli et al 2006, Statista 2022, Reksten et al 2022), it
was possible to estimate Libyan energy demand and consumption. With an analysis of age
demographics (Statista 2022) and optimism about Libya’s future, a 2% growth rate was adopted. This
rate considers optimistic assumptions, as actual growth has been inconsistent due to the country’s
volatile political situation (World Bank, 2023). As anticipated, there were gaps and inconsistencies in
the data. Consequently, an integration process was undertaken, where judgement and experience
were used to establish a 2020 baseline and a 2050 scenario. One of the main adjustments needed was
reconciling the consumption patterns (Figure 1) with the total consumption (Table 1).
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Table 1. Decarbonised Libyan Energy Consumption for 2050 based on current energy needs.

doi:10.20944/preprints202309.1038.v1

Libya Energy Panorama in 2050
Column 1 2 3 4 5 6 7 8 10
Electricity
PJ To
Current satisfy  |Electricity
Energy Replacement{Need to direct  |for
Use PJ | 2050 Energy [Factorsto  |Replace electrical |Hydrojen -{H2 H2 H2 %
ftem 2020 |Demand PJ |Decarbonise [PJ Replace with |demand |PJ FCV PJ|kTonne |of use
1 |Motor gasoline 227.01 4109 0.8| 328.7|Electricity 70.44
02[ 82.2|H2 Gas 58.70| 41.09| 3424| 28.28
2 |Diesel for transport 165.60 299.7 08| 239.8|Electricity 85.64
02[  59.9|H2 Gas 71.37| 49.96| 416.3| 34.38
3 |JetFuel 2449 44.3 0.15 6.6 |Electricity 2.85
085  37.7|LH2 75.36| 41.45| 3454| 28.53
4 |Other (Marine, efc) 287 5.2 0.7 3.6|Electricity 1.56
0.3 1.6|H2 Gas 223 1.56 1.07
5 |Liquid fossil fuel for electricity 9.66 0.0{Replaced with Wind power in elecricity demand
6 |Gas for electricity 337.50 0.0|Replaced with Wind power in elecricity demand
7 |Gas-Domestic 21.60 39.1 1 39.1|Electricity 39.10
8 |Gas other 20.70 37.5 0.7  26.2|Electricity 11.24
03] 11.2|H2 Gas 16.06] 11.24 7.74
9 (Wind Power 0.02 0.04 0.04 |Electricity 0.04
10 |Electricity from gas 104.83 189.7 189.7|Electricity 189.75
11 |Electricity from liquid fossil fuel 3.46 6.3 6.3|Electricity 6.26
Total Requirement 809.45 1032.7 406.86| 223.70| 145.29| 1210.7| 100.00
Total Electricity 108.32 196.0 Total 2050 630.56

The consumption patterns were integrated to match the total in Table 1. Furthermore, the
information obtained was presented in various units, so the consumption patterns and sector entries
were all converted to PJ and GW for consistency and ease of manipulation. A future risk analysis will
be conducted to examine the impact of these corrections and adjustments. It is expected that this more
detailed analysis will slightly alter some quantitative outputs, but it is not anticipated to significantly
change the magnitude of the results or the main conclusions.

The 2050 decarbonisation analysis was conducted in two steps: assessing annual demand and
adjusting the demand to the daily requirement based on current consumption patterns. The premise
of the study is to maximise the utilisation of solar farms considering illumination and operational
factors. This is one of many possible greening alternatives and the objective here is to produce a view
of the outcomes of this single scenario, not to offer it as the best solution. Column 1 of Table 1 shows
the 2020 baseline resulting from the compilation and integration exercise outlined above. The total
requirement value calculated for Column 1 (809.47 PJ) does not include the last two items (Gas
electricity and liquid fossil fuel for electricity) because these are already included in the fuel energy
input (Gas for electricity and liquid fossil fuel for electricity). Column 2 shows an interim step for
energy requirements in 2050 based on the consistent annual growth of 2% used for this investigation.
This is the hydrocarbon-based demand to be decarbonised and the basis of the calculations for the
subsequent columns. Items 5 and 6 have been removed on the premise that fossil fuels would not be
used for electricity. The total of Column 2 now includes the electricity demand currently delivered
by fossil fuels even though this would be produced using solar power in the replacement scenario.

Columns 3, 4 and 5 display the replacement philosophy to retain the same level of benefit. For
instance, the energy delivered by jet fuel would be replaced by electricity for short-range flights and
hydrogen for medium and long-range flights. For aviation, the assumption is made that post-Covid,
the civil aviation sector will need to convert to non-carbon fuels and will grow, given the vast cultural,
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economic and social benefits it brings, particularly in business and tourism (EU Parliament 2021,
Visual Capitalist 2021). In 2050, the Libyan jet fuel requirement would be (The pressing need for
decarbonisation is a global issue that will demand significant investments (Economist 2021, Dray
2022).

These investments are critical for preserving the considerable progress achieved in reducing
worldwide poverty over the last century (Rosling 2019). As such, environmental conservation,
sustained economic growth, and responsible use of natural resources must coexist. Major investors
are already preparing for these shifts (UNPRI 2021). This philosophy of simultaneous economic and
environmental sustainability, coupled with the need to globalise the issue and attract young talent,
is of paramount importance (Parker & Pilidis 2021). Collaborative measures across diverse sectors in
large economies will yield crucial economies of scale and learning through experience. This calls for
detailed and coordinated strategies for transitioning across various economic sectors. This study
addresses a knowledge gap by introducing a new technophilosophical method (Nielsen, 2012),
providing a clear understanding of the challenges and necessities, thereby informing these strategies.

A comprehensive and quantitative country-level replacement analysis of this type has not been
previously seen in public literature. Libya, a leading oil exporter and the home country of two of the
authors, has been selected for decarbonisation by 2050. Given its size and the planned replacement
of hydrocarbon exports with green energy, Libya is a suitable candidate for decarbonisation, ensuring
that the analysis is both useful and representative. The unpredictable political situation in the country
posed difficulties in selecting a baseline for the study.

However, in hopeful anticipation of the country finding a path to peace and prosperity, national
and international data were utilised to estimate future energy demands and daily consumption
patterns (OAPECORG 2014, USEIA, 2022, Global Economy 2022, Country Economy 2022, Our
world in data 2022, Rawesat and Sannuga 2022).

Using this information, along with details about the Libyan Oil Industry (S&P Global 2023,
OPEC 2021) and publications regarding the use of renewable energy sources (Ibrahim 2006, Ramelli
et al 2006, Statista 2022, Reksten et al 2022), an estimate of Libyan energy demand and consumption
was generated.

With an exploration of age demographics (Statista 2022) and an optimistic outlook on Libya’s
future, a 2% growth rate was adopted. This rate incorporates hopeful assumptions, as actual growth
has been inconsistent due to the country’s volatile political reality (World Bank, 2023). As expected,
there were gaps and inconsistencies in the data. Consequently, an integration process was
undertaken, where judgement and experience were applied to establish a 2020 baseline and a 2050
scenario. One of the main adjustments needed was reconciling the consumption patterns (Figure 1)
with the total consumption (Table 1). The consumption patterns were integrated to match the total in
Table 1.

Furthermore, the information obtained was presented in various units, so the consumption
patterns and sector entries were all converted to P] and GW for consistency and ease of manipulation.
A future risk analysis will be conducted to examine the impact of these corrections and adjustments.
It is expected that this more detailed analysis will slightly alter some quantitative outputs, but it is
not anticipated to significantly change the magnitude of the results or the main conclusions.

The 2050 decarbonisation analysis was conducted in two steps: assessing annual demand and
adjusting the demand to the daily requirement based on current consumption patterns. The premise
of the study is to install solar farms that are utilised to their maximum capacity considering
illumination and operational factors. This is one of many possible greening alternatives and the
objective here is to produce a view of the outcomes of this single scenario, not to offer it as the best
solution. Column 1 of Table 1 shows the 2020 baseline resulting from the compilation and integration
exercise outlined above. The total requirement value calculated for Column 1 (809.47 PJ) does not
include the last two items (Gas electricity and liquid fossil fuel for electricity) because these are
already included in the fuel energy input (Gas for electricity and liquid fossil fuel for electricity).
Column 2 shows an interim step for energy requirements in 2050 based on the consistent annual
growth of 2% used for this investigation. This is the hydrocarbon-based demand to be decarbonised
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and the basis of the calculations for the subsequent columns. Items 5 and 6 have been removed on
the premise that fossil fuels would not be used for electricity.

The total of Column 2 now includes the electricity demand currently delivered by fossil fuels
even though this would be produced using solar power in the replacement scenario. Columns 3, 4
and 5 display the replacement philosophy to retain the same level of benefit. For instance, the energy
delivered by jet fuel would be replaced by electricity for short-range flights and hydrogen for
medium and long-range flights. For aviation, the assumption is made that post-Covid, the civil
aviation sector will need to convert to non-carbon fuels and will grow, given the vast cultural,
economic, and social benefits it provides, particularly in business and tourism (EU Parliament 2021,
Visual Capitalist 2021).

By 2050, the Libyan jet fuel requirement would amount to 44.3 PJ of fuel energy (Item 3, column
2). Based on the evaluation in Huete et al (2021) relying on (Schafer 2021), it is projected that 15% of
the aviation jet fuel energy requirement would be met by electric propulsion and the remaining 85%
by hydrogen gas turbine propulsion systems. These replacement factors are shown in Item 3 Col 3 as
0.15 and 0.85. As such, 15% of this would be replaced by electricity and the remaining 85% by
hydrogen (columns 3 and 4). To deliver the same benefit, the amounts of energy required would
change. 15% of the 2050 jet fuel energy requirement is 6.6 PJ. If the same propulsive power were to
be delivered by electricity, the energy requirement would be much smaller. Conversion from fuel
energy to propulsive power is relatively low due to the need to use a thermodynamic cycle (the gas
turbine) to convert the heat input of the fuel into propulsive power.

In the present analysis, a levelised average value of 30% is used for the thermal efficiency of the
gas turbines used for smaller airliners. If electrical power is used, the conversion from electrical
power at source, allowing for larger weight, transmission losses, and electrical equipment losses were
estimated at 70%. Hence the electrical power needed to deliver the same propulsive power as 6.6 P]
of fuel energy (Item 3, Col 4) is much lower: 2.85 PJ (Item 3, Column 6). On the other hand, the amount
of energy delivered by hydrogen would increase. Based on the evaluation in Huete et al (2021),
airliners of the first innovation wave would have more voluminous bodies, resulting in higher drag.

Thus, the hydrogen energy needed would be larger, in this analysis by 10%. So, to replace the
propulsive power obtained from 37.7 PJ of conventional fuel for 2050 (Item 3, Col 4), 41.45 P] of
hydrogen would be needed (Item 3, Column 8). This hydrogen, in the present analysis, is produced
using seawater electrolysis and needs to be liquefied with a combined efficiency of electrolysis and
liquefaction, estimated here, of 55%. So, the production of 41.45 PJ of hydrogen, 345.4 kilotonnes per
annum (Item 3, Column 9), would require 75.36 PJ (Item 3, Column 7). Therefore, to provide the 2050
propulsive power requirement for aviation, 44.33 PJ of conventional fuel energy would be needed. In
a decarbonised scenario, the same requirement would be delivered by 2.850 PJ of electrical energy
generation and 41.45 PJ of hydrogen. This hydrogen, in turn, would require 75.36 PJ] of electrical
energy to be generated.


https://doi.org/10.20944/preprints202309.1038.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 September 2023

2060 Seanonal Demand Patterns in Libya
A0 '

weiritesr
EPTINgG
oy [ ELIT
ST LT
ih 20 |
=]
n
L
o W
=
o 40
LEd
St
o L -

T 5 ] 15 20 25
Time of day ol

Figure 1. Demand curves for 2050 used in the study.

Similar assessments were performed across the list of items, facilitating the calculation of the
electrical and hydrogen requirements. The hydrogen requirements, in turn, led to their respective
electrical requirements (column 7). It was assumed that aviation would exclusively require liquid
hydrogen, while all other sectors would utilise hydrogen gas. Decker (2019) states that the global
liquid production of hydrogen is slightly more than 100 ktonnes p.a., which is about 0.15% of global
hydrogen production, making this approximation reasonably precise for the current analysis. Table
1 (col 10) shows that 28.5 percent of the produced hydrogen is liquid hydrogen for aviation. This
proportion will remain constant throughout the study, and the global efficiency of hydrogen
production will be maintained at 0.65 due to the proportion of the produced hydrogen being liquid.

Therefore, for a decarbonised Libya of 2050 (Table 1), without restricting economic growth, the
total energy required would be 630 PJ of electrical energy, of which 407 PJ] would be used directly as
electrical energy and the remainder used to produce hydrogen. It's noteworthy that the
decarbonisation of a country has resulted in a reduction (from 809 PJ to 630 PJ) of primary energy
and a sizeable increase (from 108 PJ to 630 PJ) in electrical energy requirement. The main reason for
the reduction in primary energy is that a large portion of fossil fuel energy is currently used in
thermodynamic cycles with thermal efficiencies ranging from 0.15 to 0.6, which often leads to
substantial waste of thermal energy. This may change in the future as additional hydrogen
production requirements are included.

2. Adjustments for Daily Demand Considerations

When transitioning from traditional fossil fuel energy sources to wind energy, it’s crucial to
ensure demand is met even when wind conditions are not optimal. In the current scenario, this issue
is addressed using Hydrogen Combined Cycle Gas Turbines (H2CCGTs), which combust hydrogen
using the low NOx combustor designs being evaluated in ENABLEH?2 (2020). The current state-of-
the-art thermal efficiency stands at 62-64% (Siemens 2023, General Electric 2023, Mitsubishi 2023). By
2050, machinery with an efficiency exceeding 65% is expected to be available. Combined with
electrolyser efficiencies surpassing 70%, this can deliver efficiencies from electricity to electricity of
0.45 to 0.5. Moreover, H2CCGTs generate a substantial stream of thermal energy, which can be
beneficially used in various areas, including desalination. This advantage is not included in this
analysis. It is anticipated that these H2CCGTs will be situated near the electrolysing stations and use
gaseous hydrogen. In this study, the H2CCGTs are assumed to be 600 MW single shaft units
delivering an average of 500 MW (accounting for hot days, off-design performance, degradation, and
operational availability) with a thermal efficiency of 60%. Thus, in addition to the hydrogen produced

doi:10.20944/preprints202309.1038.v1
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for the replacement scenario depicted in Table 1, additional hydrogen will need to be generated for
use in these gas turbines. While it can be argued that other energy storage mechanisms could be used
in place of H2CCGTs, H2CCGTs are a very suitable alternative for this scenario evaluation and are
the only ones considered here. The hydrogen required for these H2CCGTs is additional to the
hydrogen demand evaluated in Table 1. Moreover, a 4% hydrogen backup is included to run the
H2CCGTs for 2 weeks in case no wind energy is available.

Figure 1 presents the demand curves for this study. The patterns used are based on Libyan
operating information (Rawesat and Sannuga 2021) and have been adjusted to meet the total annual
requirement of 406.89 PJ for 2050, as evaluated in section 3 and shown in Table 1. Altogether, the grid
evaluated here needs to deliver:

- The electricity demand of 406.89 P] in the daily patterns is shown in Figure 1.

- The 1210.7 ktonnes of hydrogen (3.32 k tonnes/day, liquid & gas), require 223.7 PJ] annually.

- Additional Hydrogen for use in H2CCGTs to generate electricity when wind is not available.

- The 4% H2 margin (2 weeks of operation) for the H2CCGTs peak and non-windy day demand
duty.

3. Assesments of Requirements Based on The Summer Season

The basic premise of this investigation is that wind farms will be constructed and operated at
full capacity, considering the location and wind characteristics. The coastal areas of Libya, bordering
the Mediterranean coast, which extends for about 2000 km, were selected for this purpose. The
demand patterns represented in Figure 1 were used, representing the year as four equal seasons of
91.25 days each. The first season analysed was summer, since it is the “disc” season where demand
peaks and wind power are at its lowest due to low wind speeds.

The first step was an iterative process of determining the area needed for the wind farm to
supply the total electricity demand.

This area was determined to be 14876 km2. To fulfil the electricity needs for this area, the study
estimates that 44436 wind turbines would be required with a capacity of wind turbine 4200 kw. The
wind efficiency used is conservative, and some of the other factors may be higher than expected. A
key item is shown in the bottom row of column 5. This is the daily hydrogen requirement of 3.7
ktone/day augmented by 4% (as stated above) to 3694 tonnes/day to provide a buffer for peaks and
long spells of windless days. Column 1 of Table 2 shows the electrical power demand, also shown in
Figure 1 for the summer season. Column 2 shows the energy required as a consequence of this

demand.
o Summer
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Figure 2. Electrical Supply and demand on a summer day.
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Table 2. Analysis for the summer season.
Column 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No of
H2CC 600
GT MW
Energy wind Fuel Single
Power Dema wind Energy Electrica Energ Tonnne shaft
Demand nd for Wind Power produce Supply | Power Tomnes y s H2 H2 GTs
Summer forthe Hour Density Produce dforthe deman Wind Energy for H2 - H2 Energy T) tonnes H2  H2in  neede consum CCGT neede
Hour hour GW T) KW/m2 dGW hourT) dTJ for H2-T) GW of FCV produced storage d TJ) ed GW d
00:001 10.6112 382 919935 40.8782 147.162 109 108.961209 30.267 70.82478586 590.206549 590.21 0 0 0 0
01:00{ 8.3913 30.21 931978 41.4134 149.088 118.9 118.879465 33.0221 77.27165237 643.930436 1234.1 0 0 0 0
02:001 7.78669 28.03 893.3078 39.695 142,902 1149 114.869998 31.9083 74.66549856 622.212488 1856.3 0 0 0 0
03:00{ 8.40313 30.25 8239505 36.6131 131.807 101.6 101.555777 28.2099 66.01125529 550.093794 2406.4 0 0 0 0
04:00] 10.6528 38.35 593.505 26.373 94.9428 56.59 56.5925082 15.7201 36.78513036 306.542753 2713 0 0 0 0
05:001 14.5413 52.35 404.1342 17.9581 64.6492 12.3 12.3006714 3.41685 7.995436396 66.6286366 2779.6 0 0 0 0
06:001 18.457 66.45 2515227 11.1767 40.236 -26.21 0 0 0 0 1856.8 110.7 922.85 1846 36.91
07:000 23.222 836 111.1384 493855 17.7788 -65.82 0 0 0 0 695.67 139.3 1161.1 23.22 46.44
08:001 21.7814 78.41 0 0 0 -78.41 0 0 0 0 -393.41 130.7 1089.1 21.78 43.56
09:00] 21.1584 76.17 0 0 0 -76.17 0 0 0 0 -1451.3 127 1057.9 21.16 4232
10:00{ 19.7774 712 0 0 0 -71.2 0 0 0 0 -2440.2 118.7 988.87 19.78 39.55
11:00{ 16.8313 60.59 0 0 0 -60.59 0 0 0 0 -3281.8 101 841.57 16.83 33.66
12:001 18.6375 67.1 0 0 0 -67.1 0 0 0 0 -4213.6 111.8 931.88 1864 37.28
13:00 20.6323 74.28 120.7417 536528 19.315 -54.96 0 0 0 0 -5245.2 123.8 1031.6 20.63 41.26
14:00| 18.666 67.2 657.9237 29.2355 105.248 38.05 38.0501697 10.5695 24.73261028 206.105086 -5039.1 0 0 0 0
15:00] 17.2262 62.01 1352.288 60.0903 216.325 154.3 154.310541 42.864 100.301852 835.848766 -4203.3 0 0 0 0
16:001 17.6771 63.64 1978599 87.921 316.516 252.9 252.87832 70.244 164.3709083 1369.75757 -2833.5 0 0 0 0
17:00] 18.4956 66.58 2307.798 102.549 369.177 302.6 302.593172 84.0537 196.6855621 1639.04635 -1194.5 0 0 0 0
18:001 18.2046 65.54 1967.965 87.4485 314.815 249.3 249.278146 69.2439 162.0307951 1350.25663 155.76 0 0 0 0
19:00 17.2362 62.05 1379.499 61.2994 220.678 158.6 158.627525 44.0632 103.1078911 859.232425 1015 0 0 0 0
20:001 16.9854 61.15 1085.882 482523 173.708 112.6 112.560583 31.2668 73.16437882 609.703157 1624.7 0 0 0 0
21:00{ 15.4334 55.56 1030.17 45.7766 164.796 109.2 109.235626 30.3432 71.00315658 591.692972 2216.4 0 0 0 0
22:00f 14.2534 51.31 1104991 49.1014 176.765 125.5 125.452593 34.8479 81.54418563 679.53488 2895.9 0 0 0 0
23:00] 12.5318 45.11 1208.757 53.7123 193.364 148.2 148.249905 41.1805 96.3624383 803.020319 3698.9 0 0 0 0
Total 387.594 1395 3059.27 2164.39621 1406.857537 11723.8128 963 8024.9
H2 Wind
H2 H2 for Export Farm
Produced 11723.8 CCGT  8024.864 Other H2 3694 s 5.24846765 0.005248468 sqgkm 14876

The next evaluation is wind energy production which is dependent on the speed of the wind
and how this varies during the day and the seasons. Column 3 shows the Wind power density for
each hour of the day The next evaluation is wind energy production which is dependent on the speed
of the wind and how this varies during the day and the seasons. Column 3 shows the Wind power
density for each hour of the day (Farhan,Hassanpour,Burns and Ghaffari 2019) (Reserve, 2016). The
power converted through the wind into rotational energy in the turbine can be calculated using the
following equation:

1
P=-xpx (V)xCp 1)

Where:

P is the power of wind (in watts, W)

0 is the air density (in kilograms per cubic meter, kg/m?)

V is the wind speed (in meters per second, m/s)

Cp is Power Coefficient

Column 4 shows the power delivered using the wind farm of 14876 km”2. Of course, a wind
farm only produces electricity when there is wind that starts at a speed from 3 m/s, and it is assumed
that at the speed under that value, there is no will be useful output.

The wind turbine power curve was taken to find the power for each wind speed, as display in
Figure 3. The percentage of hourly wind speed was specified by using the Weibull probability
distribution function f(v) given through the Equation.
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f(v) = % X (CE)""‘1 exp (— (% ))k ()

where f V is the probability density function, k is the scale factor, c is the shape
factor, and v is wind velocity (m/s).

Power curve 4200 KwW
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Figure 3. Power curve of 4200 kW wind turbine.

The Renewables Ninja website for the year 2022 was used to obtain hourly wind speed data. the
percentage of hourly wind speed was specified by using the Weibull probability distribution function
f(v) given through Eq (2). for each month.

Furthermore, the output of energy for all duration was calculated by the following equation:

E=PxT (3)

Where E is energy, P is power, and T is time.

Afterward, to find accurate final energy output, the wind turbine cut in and cut out should be
taken into consideration. The following equation was used to calculate this, utilizing Excel.

Power output = If wind speed < 3 (cut in) put 0, or If wind speed > 13 (rated speed) put rated
power or put the energy in specific wind speed found by using the following equation:

P4200 = 0.1673 X> — 7.4667 X* + 118.3 X3 — 796.06 X? + 2536 X — 3055.4  (4)

Excel software was utilised to extract specific equations for each wind turbine power curve using
only figures between cut in and rated wind speed in order to obtain accurate results for the power
output of each hour during the year. Figure 4 demonstrate the equations for turbine 4200 kW (Eq 4)
(where x is the wind speed for each hour through whole the year).
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4200 kW

A500 Y =0.1673x5 - 7.A4667x* + 118 .33 - T96.06x2 + 2536.7x - 3055.4

Figure 4. 4200 kW wind turbine.

Where the above analysis was included in the calculation to obtain the power of wind farm
(GW). This variation is clearly visible in column 4 where the wind power produced is 0 when the
wind speed less than 3m/s, starts at 3m/s and rises to nearly 103 GW at 17 PM (Table 2).

When the wind speed is below the 3m/s the demand is satisfied using the H2CCGTs (col 14) that
consume hydrogen produced through excess energy from the wind turbine during the day (column
10). Column 15 shows the number of 600 MW single shaft H2CCGTs (delivering an effective 500
MW to allow for several operational factors). The largest value in column 15 indicates the number
of these powerplants needed, 47 (arising from the value of 46.44 rounded up). One of the constraints
of the evaluation is the hydrogen production of 3699 tonnes/day explained above. The bottom row
shows that for a summer day, 11.724 ktonnes of hydrogen are produced, 8.024 of these are consumed
by the H2CCGTs to satisfy the demand experienced during the sunless hours and the remainder is
the 3693 tonnes/day requirement. Column 8 offers a view to estimating the electrolysis capacity and
Column 11 offers information helpful for storage requirements. A particular assumption in this
study is that the 3693 tonnes of hydrogen needed every day is consumed very quickly.

This assumption simplifies the calculations, includes the availability of this hydrogen for most
of the day and offers a useful numerical buffer for storage requirements.

Figure 2 shows the electrical supply and demand patterns. The dotted line is the demand.
This demand is satisfied when there is no power from wind with the H2CCGTs. The very large excess
of supply over demand is used to electrolyse hydrogen for use in other economic sectors and to
produce the hydrogen needed for the night operation of the H2CCGTs.

4. Winter, Spring and Autumn Seasons

The evaluation of the other seasons followed next. In these, the wind farm was assumed to
continue to deliver its maximum output, now larger because wind speeds are generally higher in the
other three seasons compare with summer season. Wind Energy in North Africa ample wind energy
potential that is expected to play an important role in generating electric power. For example, the
installed capacity of wind energy has reached the production of electricity In Morocco, Egypt and
Tunisia to 610, 787 and 245 MW on respectively, by the end of 2015(Fallis, “Global Wind Statisitcs
2015. GWEC,” Brussels, Belgium, 2015).

Wind power is directly dependent on wind speed the energy density generated by the wind
increases with the increase in the cubic value of the wind speed, which means that It directly affects
the cost of producing a unit of electrical energy. The higher the speed Wind has increased the amount
of electrical energy produced, and thus costs have decreased energy per kWh. Many regions in Libya
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are characterized by the availability of quantities Wind energy resources are reasonable and can be
used to generate electricity (W. El-osta,Y.Kalifa, 2003 ).

As for the sites that were chosen, most of them were in the north of the country, where wind
speeds exceeding 5 m / s are very frequently available, and they are considered suitable sites for
generating electric power. Wind energy, by its nature, is abundant and its prices are low compared
to the latest renewable energy technologies. Table 3 shows the details of the spring season. This
season has a lower demand (Fig 1) (this evident when comparing columns 3 of Table 2 and 3). There
is a surplus production of hydrogen that can be exported, 53.16ktonne/day. Like the daily need, this
is assumed to be removed from storage. Tables 4 and 5 show the results for the other seasons.
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Figure 5. Electrical Supply,demand and H2CCGT for the year.
Table 3. Analysis for the spring season.
Column 1 2 3 4 5 & 7 g E] 10 11 12 13 14 15
500
Enemy arlnd HICCET L
Power Dema wind Enermgy Electrica Fuel Tonnne Single
Demand nd for Wind Power pmoduce Supply - | Porwer Tonnes  Energy 5 HZ Hz shaft
Spnng forthe Hour Density Produce 'd forthe deman Wind Erergy for HZ - HZ Enengy TJ tonmes HZ  H2Z in needed consum CCGT GT:
Hour hour W TI KW/mZ  dGwW hourta dmi for HZ-T1 GW of FOV produced storage T ed GW  nes
00:00| 421152 15.16| 1149.726 SLOE9Z 1E5.921 16B.8| 16B.7589G7 468777 1096937853 914114877 91411 a a a [a]
01:00| 3.3764 1216 1697203, 754169 271.501 2593 759345845 72.0405 1685748001 140479 23189 a a a a
0z2:00| 312925 11.Z7 ZZ5E.026/ 100.338 361.Z16 350 349950259 97.2084 ZZTAGTEESEL| 1B95.5639 42145 a a a [i]
03:00| 322756 1162 Z741.E82 996203 358.633 347 347.013836 963927 FIS5 5589935 1E7I.ESEZE 60941 a a a [
04:00| 453856 16.34| 2061308 915953 329.747 3134 313407811 B7.0577 Z03TIS077 1697.62564 779LE a a a [i]
05:00| 585952 2103 1742.268 774194 Z7871 257.56 ZS57.615594 715599 1674501358 13954178 91R7.Z a a a a
06:00| 8290861 3Z.07 1901.075 BAA4762 304.114 272 Z72043281 755676 176.8281329 147356777 10661 a a a o
07:00| 10.1968 3671 2344.096 104.162 374884 338.3 33EZ75769 939555 ZI9ETIZ629 1E37.37719 17493 a a a (3]
O8:00| 985058 3546 2649.193, 11772 42379 3BE.3| 385328233 107.869| 2524133516 21034445 14597 a a a a
09:00| 338733 33.7B| Z751.676 122.Z73 440.1854 4064 406408076 112591 264.1652492 2201.3770E 16798 a a a [i]
100 872003 3139 ZEQ9.068 124824 449365 418 417973298 115.104 2715826435 2264.02203 19062 a a a a
11:00| 7.5248| 27.03| ZEZ3.EO6 175479 451L.723 424.6) 424.653899| 117.954| Z76.012034 Z300.100ZE Z13652 a a a [a]
12:00| 800945 2883 ZE07.142 124.73E 449.057 42027 420223379 115.729) 2731451962 227620997 IZ363E a a a a
13:00| §59221| 3201 EZFS5E.799 12259 441.374 409.3 409.311986 113.69E 2660527911 2Zi7.10659 ZSESS a a a [i]
14-00| 80Z857| 2E5.9| 7101483 933815 336.173 307.3| 307.270472 §5.3529 199775B065 1664.38172 I7520 a a a [
15:00| 686067 24.7 1455814 646906 232.886 208.2| ZOB.167665 S57.629% 1353219871 11Z7.68318 ZEG47 a a a [i]
16:00| 733075 26.39 1057.562 469938 169.178 1428 14Z7E7018 39.6631 92.B115615Z 773.429679 Fa471 a a a [i]
17:00| 766783 27.6 B659.4389 30.635% 110.289 8269 B2Z6850746 229681 53.74520847 J47.ET774ET7  PIEET a a a a
1E:00| 759768 27.35 6675359 29.6626 106.785 79.43 794357803 220649 51.63195722 430.26631 30299 a a a [i]
19:00| 704835 25.37 3508099 160329 S57.7186 3234 323445545 S9846 210239504 175.19957 30474 a a a a
20:00| 708844 2552 a a ad -25.52 a a a 0 30120 A2 53063 35442 7088 14.18
21-00| 654633 2357 a a a -2357 a a a 0 29792 3977835 32732 6545 13.09
ZZ:00| 583308 21 a [a] a -z1 a o a 0 29501 349985 29165 5833 11.67
23:00| 499315 1798 2622738 1165227 419478 2397 ZI9724E33 655902 1558211415 129850951 29631 a a a a
Totzl 154 23| 593.4 6173.25 5643.97Z 3572481802 30604.015 1168075 9734
HZ HzZ wind
Produced - HZ for Export Famm
Tonnes 30604/CCGT | 9733357 Othar H2 3834 = 259359193 75.93631923 =gkm 14875
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Table 4. Analysis for the winter season.
Column 1 2 3 4 5 5] 7 8 3 17 11 12 13 14 15
Power Demz Wind Ensmgy Electrica Fuel Tonnns 500
Dermand nd for Wind Powsr 'produce Supply - | Power Tonnes Ensgy sH2 H2 MY
Winter forthe Hour Density Produce dfor the deman Wind Energy for HZ - HZEnergy Tl tonnes HZ  |H2in  needed consum CCGT Single
Hour hour GW TI KW/m2 dGw hourT dT1  (for H2-T1 GW of LV produced storage TI =d GW  shaft
0004 10,98 396 4179538 18574 6687 £291 G29.0365378 174749 4089125458 40760538 3408 a 1] 0 a
0104 881 317 4200, 186.631 6718 6402 B40.151457 177.82 4160984468 I4E7.45706 6875 a 0 1] L]
0200 8.13 295 4200 186631 6715 6424 6H423E87812 178441 4175520781 3479.60065 10355 a 1] 1] a
0300 8.52 307 4200 186.631 6719 £412 641207483 178113 43167848637 34732072 13828 a a a a
0400 11.87 427 4200 1865631 6719 £291 6291475312 174763 4089458831 40788236 17236 a a a a
0504 1555, 5R40 4200, 185.631 6718 &15% 615881443 171078 4003729377 3335.!]2_443 20572 a 1] 1] a
0600 23.37 841 4200, 186.631 6718 S587.7 D5GEZT749197 163264 3820369778 318364148 23755 a 0 1] L]
700 2556 95486 42000 186.631 67158 5762 576245716 160068 3745600401 312133367 26877 a 1] 1] a
800 ¥}’ 71 825 42000 186.631 67189, 5753 5753 160.9 3766 31380 30015 a a a a
0300 2485 8E7 4145554 184.212 6632 5744 5744 155.6 3734 31114 33128 a a a a
1000 2290 824 3822534 169.863 6115 5291 5291 157.0 3439 28658 35992 a 1] 0 a
1100 19400 698 3406554 151.374 5448 4751 4751 1320 3088 25735 38566 a 0 1] L]
1200 2066 744 3195238 142161 G118 4374 437.4 1215 2843 23692 40935 a a a a
1300 3.2 835 30582661 137425 4547 41132 $11.2 134.2 2673 21273 43162 a a a a
14100 2095, 754 2916387 123.583 4665 3511 3911 1086 K42 21185 45280 a 1] a 0
1500 1514 653 2717245 120744 4347 3694 369.4 1025 2401 20007 47281 a 0 0 a
1600 513! 639 25693 11437 41100 3421 3421 95.0 2224 18533 49134 a 1] 0 a
1700 kL= S B 23609 104,905 3777 3065 30G4E837E BL 1357 1992174454 166014538 50735 a a a a
1800 1358 705 2071344 92.0422 3314 2608 260828663 724524 169.5336306 141282192 52X07 a 1] 1] a
19109 18327 660 1781807 79.1764 2850 21351 219073395 60.8537 1423977068 118664756 53394 a 1] a L1}
2000 1838 66.2 1579.888 70.203%9 2527 1866 1BR575637 GL1EX66| 1212741639 101061803 54405 a a a a
21100 17137 617 1405145 624351 248 1631 163106923 453075 10601945599 283495833 L5288 a 1] 0 a
22100 15300 551 1365273 60.6673 2184 1633 163335719 45371 1061682173 884735145 56173 a 0 1] L]
2300 13.02 4:5.‘31' 1605.65 713486 256.855 2099/ 209944838/ 58318 136454145 113720121 57310 0 [1] [1] 0
Total 430313 1548 12129 105803 £8772 573101306 a a
H2 H2 Wind
Produced - H2 for Export Farm
kTannas 73101 CCaT 0 OtherH2 35337 s Ciglg43 =gkm 14876
Table 5. Analysis for the autumn season.
Column 1 1 3 4 5 L] 7 ] ] 1 11 1 & 14 15
wind 60O/
Power  Energy wind Energy HRCET  Tonnnes MY
Demand Demm Wind Power prodaced Electrical Fasl W H2 Sngle
Autumn feethe dfor Demsiy Produced  for the WindEnergy  Powerfor HIEnergy Tiol tonneshl Energy conseme COET  shoft
Hur hour GV Hour T KW fm2 W hour T Supply -demand T1 for H2-T -GN KV produced Toanes i in dorge meeded T1 GW Gn
O:00) 6543376 23556 15350761 1117247 S0SEOTY I I0ATS IMMS00TS 10GISDE  J4EAGI0EE.  MTOSIST4R 2070525748 Q ] [} (1]
Oi:00) 534522 1BBES 14712637 107.5915 3873255 JEEAAIOTTE  3EEMMNTTE 1023453 2354ES0006 199503333 4066255087 Q ] [} 1]
0200 4876424 17555 11108681 9373853 3376747 3201195933 3201195933 BRIZI11 2080777357 1733081131 5800240218 (7} o a 0
00| 507I702 18258 17358091 7713241 774767 259415562 259418562 7106071 16EAIN0G53 14051E38T7 205424035 Q o [} 0
00| 7056288 15433 1E3ERA3] 6ISIGA [3OATI2 04 T315362 MATINSIAE SEETO1S  D3IOTEIARS 110960 E3l4352 o o o L)
0500 9253459 333 11854065 5257471 1BR.EM 1567349854 1562949554 4341517 01591771 B46.597R743 9150585675 ] [} o ]
&0y 13.901207 SOM0E3 74434915 330759 1190732 BESEYTIIL] GESEITHIEl 1906383 MBAIRER IIENTIIT 9534 BE43ET Q ] ] 1]
o700 1581367 5B319 4E133137 1138849 7599855 006332175 2006932175 FSTEEIZ 1304305914  10E T0BE2E 3543 393714 Q o 0 ]
DED0| 1530434 5503 3EOSETAS 1651178 BO.EEIN2 STRE0TISAE  STEGOTISOE LEBOTMT LTRO4TIER  ILIAIIMET eTATIA o ] o 1]
05:00| 1467651 32H35 2EAITOOT 11E0997 4611589 AI719AUE o [} '} L} EDA0 505057 BEDSNAT TiIEIS 1458 29353
1000 13653369 45081 139TRI2E 10E552E 3835899 -7 IS 1] -] 1] Li] B255374387 ELBOI16 GELGES 1353 17267
11:00| 1154964 4U5T9 13832713 1lAT90Z AL32M9 D2 EST o a 1] Li] JESLT4223] ESIUTESE S7T.4E 1155 13D
1300 1230151 44285 J4R8BG44 1550312 S5E1IR 1SE7926  1LSIS79926 3201611 7.4817M6951Y 6143141269 7784173845 1} ] o 1]
1300 135133 49728 S5EBBG48 135016 BASDSTE MBTTREESE  AETIEEESE 9EREI 22GT0EITSE  1ER.ST1EDGS 79330951 1} o [ 1]
1400( 1247321 44304 BE5I00B4Y 3I7E3984 13HA3M OLSISRESIE OLSISEESIE I5ADGEY SRANENIIAI  ARSEINTOR E478 514811 a o [ 1]
15:00| 1080126 3BHES 152B.1935 6750681 2444845 HE5TIFTE]  MSSTHTED 5720555 1336DE3E58 1113558215 SHLATHRE Q [} ] ']
15:00| 1133027 41005 11555046 95EIE4 3445752 J3ST01ET 03 STO0IETI BAABELIE  1975B0EILT  1BAGRS05181 111ERME21 Q o ] ]
1700 1177265 42382 I1S58329 9579653 M4EETT 2 ABGIEGT QR ARGIEGT BADYIIA 1965160714 IEIRAGHELS 1282744505 '} ] o ']
1E:00( 1155315 41987 13559158 BB24515 3175882 IMGENT] ISHEIT TESEI ITS20MIMT  145336% 1432081359 '} ] L] 1]
1300 I0FEE? 35271 13056968 BAEEISY 3048538 JE55EX5192  JESSRMS1S TIITAT  1TMERES3ITS MIRSTIOTS 1575938557 a ] o 1]
He0d) 1093965 315581 13392434 BLIZEES  2840M ABINT S4BT TOTERT 1655867139  1BBO3E936E 1713877454 Q ] o 1]
21:00| 101984 36714  17ETOL TIA0USE Z8536T3 249153047 40053047 682091F 16LS4MENS  1M3579004 1845935354 a o ] 1]
23:00| 5106046 32787 172226B3 TES3NI 1755106 MITHEAT  MITIENST GTAMGT 1517717153 1314781052 1980413455 Q o [ 1]
00| 7757475 17817 16404241 71E9389 261418 FAA00E IMASIB0E 513541  IS2A19ME  1ITOUGDOTS 2107425507 a ] [ 1]
Total [E0TH SILE 5162765 A5A575113 ITEROT44TY  XRO0E1.IETHE 13515806 19199
H2 Produced - 2 for
Tonines: 23067.29 CCGT 1992 5927 Other 12 3634 12 Exports IT380  17.3806 Wind Farm sgem 14876
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5. A View of the Whole National System

An examination of the above information reveals a great deal of useful detail to provide
foundation knowledge for, among other things, policymaking and national investments. The size
of the wind farm is 14876 km2, this is shown in Figure 4 as seven farms of 2125 km2 each on the coast
north of Libyan. The installed nominal output needed is 187 GW, delivering less as a result of the
maintenance factors.

The number of the H2CCGTs is determined by the maximum requirement (column 15, summer
at 7:00). This number will need to be rounded up to 47 units. The electrolyser requirement is
determined by the maximum that takes place in the winter at 2:00 (column 8, Table 4) this is 178 GW.
The Hydrogen storage requirement is determined by the maximum taking place in the winter at 23:00
(column 11, Table 4); it is 57310 tonnes. Similarly, the grid capacity needed is for the winter
maximum at 02:00 (column 4, Table 4) and is 187 GW. Table 6 shows a summary of these
requirements with the electrolyser requirement adjusted by an availability factor of 0.95 and the
storage and transmission requirements adjusted by an availability factor of 0.9. These factors may
seem high, but the predictability, periodicity and seasonality of wind energy should permit
scheduling most of the maintenance when the wind speed is under 3m/s and in seasons where there
is excess capacity. Current electricity capacity in Libya is 11 GW (Irena 2022) and the transmission
grid is of a commensurate size.

The vast increase in electricity capacity needed for the decarbonisation objective is partly due to
the replacement of land transport fossil fuels by electric systems and partly due to the replacement
of high utilisation fossil fuel electricity generating plant with medium utilisation renewable systems.
The geographic location of the wind farms was chosen to be in the northern region of the country
offering better speed of wind and more productive use of the wind farms. It is beneficial to locate
the hydrogen grid very close to the coast on the premise that seawater will be used for electrolysis.
An evaluation is needed to select between direct seawater electrolysis or to desalinate seawater and
electrolyse it subsequently.

The use of seawater to produce hydrogen is a necessity given the scarcity (or geographical
maldistribution) of fresh water in many parts of the world. The location of electrolysers, H2CCGTs
and storage farms can be placed near the coast to minimise hydrogen transmission inland. So, in this
scenario, the electrical grid and hydrogen grid would be distributed throughout the country would
be concentrated near the Mediterranean coast.

Table 6. National requirements — two scenarios: meeting summer demands and using wind farms to
their full capacity and exporting yearly 2100 P] of hydrogen using Wind farms to their full capacity.

Wind Farm | Wind Farm 600 MW Electrolyses Storage Transmision |Hydrogen Exported in
Scenario GW Km2 H2CCET GW tonnes H2 GW Bl
summer Self
sufficient 187 14876 47 178 12856 170 1061
Export 2100P] H2 311 24532 47 300 737539 281 2100

The author propose it is logical to group the hydrogen infrastructure in hydrogen farms by the
Mediterranean coast to capitalise on economies of scale and integration; also reducing hydrogen
transmission costs. These hydrogen farms could be located close to the main cities, Tripoli and
Benghazi where an important fraction of the demand is located. These cities also have the largest
airports in the country where most of the liquid hydrogen will be used, noting that hydrogen for
aviation will comprise 28% of the hydrogen demand (Table 1). These hydrogen farms would
comprise the electrolysers, if adopted the desalination plant, the H2CCGTs, the storage facilities and
where appropriate the liquefaction plant. Reviewing electrolyser and associated technologies
(ITM 2017, H2FUTURE 2022, REFHYNE 2022, Herzog 2017, Mohammed-Ibrahim and Moussab
2020). The authors concluded that two hydrogen farms of approximately 270 km2 each would meet
the requirements of the demand and the solar energy produced. Figure 4 shows the proposed
location of the hydrogen farms and the wind farms.
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In the scenario evaluated here, the premise is that this hydrogen-electrical green grid meets the
summer requirements of the nation. For the rest of the year the author propose that wind farms are
utilised to the maximum. The higher spped of wind experienced in the other three seasons delivers
excess electrical energy that is used to produce hydrogen for export. The excess hydrogen produced
daily is shown in column 7 at the bottom of the table for each season. The values are: 25936, 53616,
17381 tonnes for winter, spring and autumn. This delivers a total of 8.84 Megatonnes of Hydrogen
each year, which equates to1061 T] each year, exported in three seasons.

North Africa is seen to have great potential for energy exports (Mohamed et al 2015), green and
conventional. In 2021 Libya used exported slightly over 1 million barrels/day of crude oil (ceicdata
2023); this is approximately 49 Megatonnes of oil each year with an energy content of 2100 PJ per
year. A reasonable ambition would be to retain Libya’s international position as an energy exporter.
Then a similar analysis can be carried out using this method for a scenario where Libya is exporting
2100 PJ of Hydrogen each year. This could be exported by tankers (Alkhaledi et al 2022) or by
pipeline. The corresponding results for this energy export scenario are shown in the lower row of
Table 6. This type of analysis could be used for different levels of export to deliver the appropriate
quantitative results.

The wind power unit area proposed here is somewhat higher, at 3 MW/km?. It is indicated that
the installed capacity is 187 gigawatts, and the maximum generation is 44 gigawatts (in the winter
season). This is the result of estimates and margins arising from weather and operating factors
referred to in Section 5.

Furthermore, the grid transmission capacity is needed to minimise the impact of curtailment
(Roadnight Taylor 2022). Curtailment may be needed for maintenance, excess power over demand
and lack of transmission lines. Additionally, in this investigation, very few instances of excess
power over demand are expected given that the basis of the generation system presented here relies
on ample excess power to produce hydrogen for internal use and export.

One more detail to highlight is that the total wind electricity generated is much larger than the
630 PJ (407 PJ of electrical demand plus 223 PJ for hydrogen) required to satisfy the national demand.
This is because of the need to produce additional Hydrogen for the H2CCGTs and exports. In the
two scenarios examined the total wind electricity produced is 2420 PJ and 4000 P]J.

6. A Foundation Baseline for Future Policy nd R&D Investements

The present study has the appropriate accuracy for setting national and international research,
development and financial agendas. It offers valuable insights in a single electricity generation
solution and single energy storage approach, wind energy and H2CCGTs with their necessary
ancillary systems. It also provides a quantitative platform for evaluation of alternatives. This is a very
useful baseline for cascading and evaluation of alternatives and R&D requirements necessary for the
decarbonisation agenda of a country. There are uncertainties and alternatives, described below, that
will require further analysis. These evaluations will yield refinements but will not alter the main
conclusions. For example, a key R&D issue that arises is how to produce hydrogen. Here seawater
is advocated as the feedstock, to protect scarce freshwater supplies, currently an issue in many parts
of the world. Advances are taking place in seawater electrolysis (Mohammed-Ibrahim, & Moussab
2020). Another alternative is to produce hydrogen in two steps, first desalination, followed by
electrolysis of the resulting water stream. Another important source of water is from the combustion
products of hydrogen in the H2CCGT exhaust, where suitable cooling and extraction equipment
could provide a recirculating system, greatly reducing the need for electrolysis. A techno-economic
analysis of the options is needed to make an appropriate selection. Solutions are likely to vary,
dependent on the features of different geographic locations and it is likely that depending on
circumstances, a portfolio approach will be needed. Within this context, there is also a choice to be
made of the right electrolyser from the options available. In the current research, the demand patterns
were maintained as constant. Demand management emerges as a viable strategy that could
potentially offer cost advantages by shifting peak consumption times to align more closely with wind
energy production, therefore diminishing the need for equipment. If demand could be transitioned
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from calm periods to windy periods, from seasons with less wind to those with more, and from still
days to breezy ones, this would lessen the necessity for auxiliary power and storage solutions. A
managed decrease in demand is also a feasible approach. For instance, the UK has noticed a 25%
decline in electricity demand from 2003 to 2022 (BEIS 2023).

Every oil exporting country has a social duty to consider its wealth generation abilities once the
demand for oil dwindles as a result of environmental requirements and policies. Libya currently
exports about 80% of the oil it produces to Europe (OEC 2021). It is logical to expect that these
energy exports will continue to be beneficial. Europe is a large energy consumer and is on a clear
road for decarbonisation. So, there will be a clear demand for Libya’s energy exports as these
become greener. The question then arises. Should Libya export liquid hydrogen by ship or gaseous
hydrogen by pipeline or electricity to Europe? In the present study the export hydrogen is assumed
to be gas. However, the likely solution is a mixture of the three. The importance of each of the
three opportunities can be made visible following a detailed TERA evaluation of the costs, risks and
benefits of the exporting technologies and markets.
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Figure 6. Location of facilities in Libya courtesy mapsoftheworld.com, annotated by the authors.

Another area that will influence the results is the selection of alternative storage energy
alternatives. The technology proposed here, via the use of H2CCGTs is useful as a baseline, is
competitive (Abudu et al 2021) but not the only option. Technologies such as batteries, pumped
storage compressed air  storage (Igie et al 2021) and others must be considered in the future. Each
one of them presents its own technical and economic advantages, disadvantages and challenges.

Libya possesses various regions with favourable wind speeds for generating electricity, and
among these regions stands out Derna, where a wind farm with a 60-megawatt capacity has been
planned. Other areas like Al-Asaba, Tarhuna, and Al-Maslatah also experience abundant winds at
suitable speeds. This article focuses on a study conducted to design a wind farm in the Torhuna
region (Omar,Nouri and Abdalnasser 2019)..

Development of a wind power plant results in a variety of temporary and permanent
disturbances, including land occupation by wind turbine pads, access roads, substations, service
buildings, and other infrastructure which physically occupy land area, or create impermeable
surfaces (Arnett et al. 2007).
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Furthermore, the pace of technology progress and improved learning is expected to influence
the benefits and economic features in a differential way. Often different geographic areas will require
different solutions and a portfolio approach could be the outcome.

Given the scale of investment envisaged and influence of global geographic opportunities this
is an exercise that will require extensive and bespoke TERA (Nalianda 2012) evaluations. Worldwide,
there has been a significant surge in wind power capacity over the past ten years, with a yearly
average increase of 22%. By the end of 2015, this figure had reached a staggering 432 GW. Most of
this capacity - around 73% - was contributed by just five countries: China, the United States,
Germany, India, and Spain (Global Wind Energy Council, 2016). At present, wind turbines can be
broadly categorized into two types: onshore and offshore. The former is typically located on land,
while the latter are situated in bodies of water like lakes and seas. Wind turbine design and
operational principles, including factors such as orientation, variable foundations.

Wind conditions were assessed based on local, seasonal, and hourly variations, factoring in
redundancy measures for maintenance and weather events. Wind turbines could be engineered to
generate electricity optimally, altering demand and supply patterns. The design and operation of
wind farms could be enhanced considering the relatively low usage (plus the cyclical nature of the
operation) of the capital equipment. Through technological advancement and meticulous
maintenance scheduling, significant cost benefits can be realized. Expected improvements in these
areas will come from accumulated experience, volume, and technology acquisition.

The design of hydrogen systems in large wind farms or parks is another area receiving and will
continue to receive considerable focus. Consolidating hydrogen systems within wind farms or parks
will offer economies of scale and experience, resulting in reduced hydrogen transmission, health and
safety investments, operational scale, and cost benefits from experience acquisition. Unit costs of
hydrogen tanks become more economical as capacity increases. In some studies, using both the best-
worst method and a hierarchical analytical process, five proposed sites in Libya were evaluated based
on six criteria of fossil fuel dependence.

The standard of safety and quality emerged as the most important, and the city of Derna in the
northeast was identified as the best option followed by the city of Tarhuna, in the west of the country,
demonstrating the robustness of the model even when expert opinions about standards change.
(Ibrahim, Dragan, Zeljko, L.J. 2023) Another crucial aspect that warrants further exploration is the
source of electricity. The choice of wind energy is highly rational in the case of Libya, given its
substantial coastal wind resources. However, the capacity requirements for both generation and
storage within the system are substantial. Other energy sources will be evaluated. In addition to wind
energy, Libya could potentially harness wave energy due to its extensive coastline, and other
opportunities that necessitate a detailed Techno-Economic Resource Assessment (TERA).

Realistic assumptions were made regarding the redundancy needed, availability, and other
capacity-constraining factors for several inputs. Similarly, ample opportunities exist to explore in
terms of techno-economic performance. As such, this study serves as a foundation for a more detailed
techno-economic optimization that examines the opportunities and options outlined above. It also
enables the beginning of cost estimation for the highly expensive transition towards a decarbonized
economy.

7. Conclusions

In the current research, a knowledge gap gets bridged by introducing a unique, quantitative
technophilosophical method. This method provides a statistical perspective on energy requirements
and economic growth to inform decarbonization strategies. No such comprehensive and quantitative
country-level replacement analysis has been found in the public domain before. Therefore, the
contribution lies in the quantitative visualization of infrastructure requirements, derived from the
evaluation of two scenarios: energy self-sufficiency and matching current oil exports.

The foundational study gets presented as a demonstrative example, without making judgments,
recommendations, or optimizations. However, several pertinent conclusions surface. The first,
despite numerous uncertainties and a singular solution examination, is that the cost and
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infrastructure requirements will be enormous. A cost estimate will get conducted shortly, but even
before that, Table 6 illustrates the tremendous equipment needs; these will come with a high price
tag. Even though the current investigation is based on singular choices, these are competitive,
validating the order of magnitude of the requirement.

While the study was conducted with Libya - a country with abundant wind resources - as a
focus, the principles, outcomes, and impacts have global applicability. An important conclusion is
that, due to the periodic and seasonal nature of wind speed, the general utilization of the equipment
lies in the medium range. This can get mitigated by demand management, adoption of improved
technologies, execution of advanced maintenance techniques, and other strategies offering beneficial
outcomes. The substantial increase in electricity capacity required for decarbonization is partly due
to the replacement of transport fossil fuels with electric and hydrogen systems, and partly due to the
replacement of high-utilization fossil fuel electricity-generating plant with medium-utilization
renewable systems.

The concept of the hydrogen farm warrants detailed future scrutiny. It holds the promise of
reducing costs, even though the order of magnitude of the overall decarbonizing investment isn't
expected to change significantly. Careful integration of different elements will also yield savings.
Moreover, the strict Health and Safety measures necessary for hydrogen operations will be confined
to a small number of specific areas, namely the locations of hydrogen farms within a country. A
comprehensive Techno-Economic Resource Assessment (TERA) represents the next stage in this
research.

The process of transitioning to more sustainable practices will necessitate a large-scale increase
in electrification. This foundational analysis can serve as a starting point for research and
development, investment planning, and policymaking at the beginning of the road to
decarbonization.

Nomenclature

FCV - Fuel Calorific Value

GJ/T - Gigajoules/tonne

H2 - Hydrogen

H2TGTCC - Hydrogen fuelled gas turbine combined cycle
kTonne - kilotonne = 1000 tonnes

MT - mega tonnes (million tonnes)

MTOE - Million tonne oil equivalent

NOx — Nitrogen Oxides

PJ — Petajoules = 1015 Joules

Pw — wind power

R&D — Research and Development

TERA - Technoeconomic Environmental Risk Analysis
TJ — Terajoule = 1012 Joule
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