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Abstract

The management of soil contaminated with heavy metals, especially that of
abandoned mining sites, represents a major challenge for environmental
protection. Among the possible solutions, phytoremediation offers promising
prospects for post-mining restoration. However, this option is limited by the need
for long-term monitoring and the considerable potential of inedible biomass. This
study aimed to combine agroforestry and Agri-PV systems to regenerate
degraded land while producing green hydrogen from solar energy and

biohydrogen from harvested biomass.

To achieve this, a one-hectare copper mining site in Zambia was divided into two
plots: one for agroforestry and the other for Agri-PV. Moreover, three plants,
sunflower, Indian mustard and bamboo, were theoretically evaluated for their
phytoextraction and phytostabilisation efficiency. Thereby, Aspen Plus was used
to simulate the production of green hydrogen by alkaline water electrolysis from
surplus electricity from the Agri-PV system, after meeting irrigation needs. In
addition, biohydrogen production was modelled with the same software from
biomass harvested at the contaminated site, using downflow gasification with

enhanced tar and char cracking.

The results revealed that sunflower is the most suitable for phytoextraction,
thanks to its high translocation of metals to the aerial parts (TF > 1). On the
other hand, mustard and bamboo showed better phytostabilisation capacity, with
greater accumulation in the roots. Bamboo stood out for its high efficiency in
absorbing and removing heavy metals. After one season, all metals were reduced
to acceptable levels, except for copper and cobalt, which would require an
additional two and nine years, respectively, to be completely remediated. Energy
simulations yielded 7,923.3 kg of green Ho/year and 284.3 kg of bio Hao/year, for a
total of 8,207.5 kg of Hs/year for the two systems combined.

The theoretical model designed for the restoration of abandoned mining sites
shows particular promise for the ecological rehabilitation of soils contaminated
with heavy metals. However, experimental validation remains an essential step
in confirming its effectiveness and demonstrating its practical relevance, paving

the way for its actual application in the field.

Keywords: Mining, phytoremediation, Agroforestry, Agri-PV, hydrogen



Résumé

La gestion des sols contaminés par les métaux lourds, surtout celle des sites miniers
abandonnés, représente un défi majeur pour la protection de 'environnement. Parmi
les solutions envisageables, la phytoremédiation offre des perspectives prometteuses
pour la restauration post-miniere. Cependant, cette option est limitée par un suivi a
long terme et un potentiel considérable de production de biomasse non comestible.
Cette étude visait a combiner les systémes d'agroforesterie et d’agri-PV pour la
régénérescence des terres dégradées tout en produisant de 'hydrogene vert issu de

I’énergie solaire et de biohydrogene grace a une production optimale de la biomasse.

Pour ce faire, un site minier de cuivre d’'un hectare en Zambie a été partagé en deux :
une parcelle pour ’Agroforesterie et 'autre pour ’Agri-PV. Les trois plantes telles
que le tournesol, la moutarde indienne et le bambou ont été théoriquement évaluées
pour leur efficacité en phytoextraction et phytostabilisation. Aspen Plus a été utilisé
pour simuler la production d'hydrogene vert par électrolyse alcaline de 1'eau a partir
de 1'électricité excédentaire du systeme Agri-PV, apres avoir satisfait aux besoins en
irrigation. En outre, la production de biohydrogene a été modélisée avec le méme
logiciel a partir de biomasse récoltée sur le site contaminé, par gazéification a
courant descendant avec des mécanismes améliorés de craquage du goudron et du

charbon.

Les résultats ont révélé que le tournesol est le plus adapté a la phytoextraction,
grace a sa forte translocation des métaux vers les parties aériennes (TF > 1). En
revanche, la moutarde et le bambou ont montré une meilleure capacité de
phytostabilisation, avec une accumulation plus importante dans les racines. Le
bambou s’est distingué par sa grande efficacité d’absorption et d’élimination des
métaux lourds. Aprés une saison, tous les métaux ont été réduits a des niveaux
acceptables, sauf le cuivre et le cobalt, qui nécessiteraient respectivement deux et
neuf années supplémentaires avant d’étre entierement assainis. Les simulations
énergétiques ont donné 7923,3 kg Hs vert/an et 284,3 kg Hs ni/an, soit un total de

8207,5 kg Ho/an pour les deux systémes combinés.

Le modele théorique cong¢u pour la restauration des sites miniers abandonnés se
révele particulierement prometteur pour la réhabilitation écologique des sols
contaminés par les métaux lourds. Toutefois, la validation expérimentale demeure
une étape incontournable afin de confirmer son efficacité et d’en démontrer la

pertinence pratique, ouvrant ainsi la voie a son application réelle sur le terrain.

Mots-clés : Exploitation miniere, phytoremédiation, agroforesterie, agri-PV,

hydrogene
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Introduction

Background

Human development in the last century was tied to fossil fuels, due to their abundance and
affordability. Using fossil fuels has irrefutably led to significant technological advancement
quickly. One of the major downsides of this technological progress was increasing pollution
on such a scale that the Earth could not withstand any more without considering the disastrous
consequences [1]. Human activities have led to excessive emission of greenhouse gases into
the atmosphere. These gases trap heat above the surface of Earth and then radiate it back to
the planet, contributing to global warming. Most of these emissions originate from fossil fuel
consumption, industrial processes, deforestation, inappropriate land use, and changes in land

utilisation.

Mining, an essential industry for extracting valuable minerals and resources, has significant
environmental implications. The typical ecological damage caused by mining is multifaceted
and can have lasting impacts on ecosystems. One of the most immediate and visible impacts
of mining is land degradation, habitat destruction, and pollution effects caused by industrial
waste on the environment. This process also leaves altered landscapes, such as open pits and
unexpected waste deposits. Soil degradation is another significant concern caused by mining,
resulting in erosion, compaction, and contamination from heavy metals and chemicals, all of
which harm soil health and inhibit post-mining vegetation regrowth [2]. Compaction, low or
high pH, low water-holding capacity, gullies, bulk density, and deficiencies of micro- and
macronutrients are the major factors limiting the productivity of mine wastelands [3].
Presently, these negative effects are visible in many forms, the most notable ones being
connected to climate change, land degradation, ecosystem functionality, urban development,
or renewable energy drivers, etc., depending on the regional needs and capacities. However,
rehabilitation has been a viable way of reducing the negative impacts of abandoned mine
lands and ensuring productive and efficient utilization of mine wastelands. To restore this area
to its natural state, heavy equipment such as cranes, graders, bulldozers, and excavators, as
well as hand processing techniques like planting trees and other vegetation, are involved. To
address the issue of poor soil quality in the reclamation of mining wasteland, experiments
were conducted to improve compost and green manure [4]. Islam et al. [2] discussed
restoration methodologies like soil remediation, reforestation, and water purification.
Damptey et al. [5] reported the use of the composition of tree species and crop diversification.
Damptey et al. [6] recommended the use of fertile soil to fill the mine-out pits, followed by
the planting of potted seedlings of some selected tree species. A forestry reclamation approach
is supplanting a grassland reclamation approach, where forests are the logical post-mining
land use. As a result, restored forests have developed into distinct ecosystems, with natural

succession occurring slowly [7]. However, the recovery of damaged land in mining areas is
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very slow, and in the process of land remediation and utilization of mining wasteland,
improving the reclaimed soil, enhancing the quality of mining soil, and restoring land
productivity is one of the key issues in land reclamation of mining wasteland [4]. Achieving
suitable vegetation cover may take over a century, emphasizing the need for ongoing
intervention and management [7]. One of the land management strategies that could
contribute to combating land degradation and simultaneously provide carbon sequestration is
the establishment of bioenergy crops (plants grown for energy production), namely perennial
grasses and short-rotation woody crops [8]. Biomass improvement technology could improve
the fertility level of mine reclamation soil in a short time [4].

Cultivating local biomass and fast-growing energy crops on degraded or abandoned mining
land can be a sustainable approach to land restoration and energy security, thanks to its
benefits such as carbon sequestration, biodiversity support, and the provision of other
ecosystem services. Thus, biofuel plantations have recently garnered considerable attention
due to several advantages they present. Bioenergy crops can aid in land restoration by
increasing soil fertility, growing in stress conditions, and leading to the production of fuels
through their various parts, yielding biofuel as a product, and enhancing soil fertility and
health for further sustainable agricultural practices [9]. Biomass production on different
categories of marginal or degraded lands is variable. It depends on the characteristics of a
particular site, the applied land management practice, and the selection of suitable plant
species for this purpose. It is important to consider various factors when deciding which crop
to grow for bioenergy purposes. The yield and lifetime of the crop are important, but it is also
important to consider whether the crop can meet other aims, such as promoting nature
restoration and biodiversity. Planting fibre-producing plants such as bamboo (Bambusa
vulgaris L.), mustard (Brassica juncea), and sunflower (Helianthus annuus) on mine land as
agroforestry is looking very positive. Not only do these plants rehabilitate the land through
selectively absorbing metals from the soil, attracting insects, and fixing nitrogen, but they
could also spur the development of bioenergy plants. Moreover, another way to optimise land
use and reduce conflicts over land access and risk of erosion and drought, to meet the
increasing demand for agricultural products and energy resulting from rapid population
growth, is to have a combination of solar panels and crops, so-called Agri-PV [10]. It creates a
microclimate that protects crops from extreme weather, such as hail, heavy rain, and intense
sunlight. Therefore, the energy from the sun and the resulting biomass from the plants can be
explored as a potential feedstock for bioenergy purposes, helping to reduce reliance on fossil
fuels.

As the world undergoes an energy transition, energy storage plays a crucial role in supporting
this shift. Hydrogen technology, with its many advances, was recognised as the most
promising choice. It is an important and promising energy carrier that could play a significant

role in the reduction of greenhouse gas emissions [1]. Hydrogen (H:), a low-carbon fuel, has



emerged as the most promising future energy carrier as it is renewable, has a high energy
content (122 kJ/g, which is 2.75 times higher than fossil fuels), and produces only water upon
consumption [11]. Hydrogen is the most promising clean energy for future energy carriers,
which has the advantages of high energy density and extensive availability. It can be used as
an alternative fuel for internal combustion engines and gas turbines, which can operate at high
efficiency and ultra-low pollution in these applications [12]. Hydrogen can be generated from
both fossil fuels and renewable energy sources. Regarding hydrogen from renewable sources,

there are two main types: green hydrogen and biohydrogen.

Green hydrogen refers to hydrogen that is produced from water electrolysis powered by
renewable energy sources without releasing greenhouse gases into the atmosphere. Some
established technologies, such as alkaline, polymer electrolyte membranes, and solid oxide
electrolysers, are being used [13]. Water electrolysis based on electricity derived from solar,
geothermal, hydro, and wind that do not emit greenhouse gases, such as carbon dioxide and
others, is the most environmentally friendly process. This attractive method for green
hydrogen generation is a well-established and mature technology [14]. Additionally,
biohydrogen can be produced from biomass using biological and thermochemical methods.
Biological methods include dark fermentation, photo-fermentation, bio-photolysis, and
microbial electrolysis. In contrast, thermochemical methods involve gasification, pyrolysis,
and steam methane reforming [15]. Biomass gasification is a promising technology to
displace the use of fossil fuels and to reduce CO; emissions. It is the most effective
thermochemical conversion route for producing enriched bio-hydrogen from various biowaste

feedstocks [16]. It is the earliest and most economical method to produce hydrogen [17].
Problem statement

Despite its promise for post-mining restoration, phytoremediation remains constrained by two
critical gaps: the lack of long-term monitoring frameworks and the underutilization of
contaminant-rich biomass. A study of [18] notes that current models fail to integrate
agronomic practices and native plants, resulting in uncertainty when predicting remediation
performance across time and scales. Similarly, to the study of [19], it emphasises that without
systematic long-term monitoring, phytoremediation outcomes cannot reliably inform
management strategies for co-contaminated soils. In parallel, there is a significant
underutilization of the biomass generated during phytoremediation, which represents a lost
opportunity to close material and energy cycles. Research on bamboo as a phytoremediator
[20], illustrates that while bamboo offers high productivity and valuable biomass, little
progress has been made to systematically valorise its contaminant-rich residues, despite clear
potential for transformation into biochar or biofuel. More broadly, Edgar et al. [21]
underscores that phytoremediation biomass is often treated as waste, although it could serve
as feedstock for advanced energy carriers such as hydrogen, as well as high-value products

through biorefinery approaches.



To address these gaps, this study proposes the integration of agroforestry and Agri-
photovoltaic (Agri-PV) systems with phytoremediation as a dual strategy for ecological
regeneration and clean energy production in post-mining landscapes. Specifically, it explores
the cultivation of fast-growing plants and solar arrays installation beneath crops, evaluates
pathways for biomass conversion into hydrogen, and assesses ecosystem resilience following
reclamation. By systematically quantifying biomass availability, linking it to valorisation
technologies, and embedding long-term monitoring into management practices, this research
aims to transform post-mining remediation into a model of circular bioeconomy that reduces
fossil fuel dependency, supports hydrogen production, and enhances sustainable land

restoration.
Significance of the study

The integration of agroforestry and Agri-PV technologies presents a promising solution to
address these challenges while contributing to sustainable energy production. Agroforestry
enhances soil fertility, promotes biodiversity, and improves land resilience [22], while Agri-
PV reduces the land use, protects crops from extreme heat, and enables the simultaneous
production of food and energy, providing undeniable economic benefits for farmers, with
additional potential synergistic effects [23]. By scientifically combining these two approaches,
we can optimize land use, restore soil health and fertility while produce biomass that can be

converted into biohydrogen, and generate renewable electricity for green hydrogen production.
Objectives
Main Objective

To maximise biomass production by rehabilitating the mining area for high-yield hydrogen
production.

Specific Objectives

e To structure a system of agroforestry and Agri-PV for soil improvement

e To estimate the available biomass potential after remediation for bio-hydrogen
production

e To evaluate the water required and the energy generated from the solar panel for green
hydrogen production

e To optimise the potential green and bio-hydrogen production from mixed technologies

using Aspen Plus software.
Research questions
This research work is motivated by the following questions:

e What would be the impact of combining agroforestry and Agri-PV in the post-mining

area?



e How can biomass be harvested and evaluated for biohydrogen production?

e What is the potential green and biohydrogen yield of gasification and electrolysis of

water?
Research hypotheses

e Biomass derived from land reclamation exhibits high lignocellulosic content suitable

for biohydrogen generation by the gasification process.

e Utilizing solar energy from Agri-PV systems for water electrolysis produces green

hydrogen with a lower carbon footprint compared to conventional energy sources.

e Replacing fossil fuels with green and biohydrogen produced in post-mining areas

significantly reduces greenhouse gas emissions.
Thesis statement

The study is divided into five parts. In this section, which is the Introduction, the context of
the study and the problem are presented. The objectives, research questions, and hypotheses
are also defined. Chapter I will include a literature review of previous knowledge related to
the topic of this work. Chapter II will cover the materials and methods used in this study.
Following that, Chapter III will present the results along with interpretation, discussion, and
conclusions. Finally, the work concludes with a summary of the key findings and some

recommendations.



Chapter 1: Mining extraction: Advantages, Impacts and

Soil Remediation

Mining supplies essential materials for technology and economic growth, but it can also lead
to significant environmental and social challenges, such as land degradation, pollution, and
community disruptions. This literature review explores the dual role of mining, its
contributions to technological and societal advancement, alongside its environmental and
ecosystem impacts. It highlights sustainable practices, including mine restoration through

agroforestry and agrivoltaics systems.
1.1 Mining

Mining involves extracting valuable minerals, ores, or other geological materials from the Earth's crust.
These resources, which include metals, coal, gemstones, and industrial minerals, are acquired through
various methods [24] such as open-pit, underground, placer, and in-situ mining, where the two main
types are underground and surface mining or open-pit. Mining activities play a central role in
enabling modern technologies, particularly those driving the global energy transition. Critical
minerals such as lithium, cobalt, nickel, and graphite extracted through mining are
indispensable for producing lithium-ion batteries, which power electric vehicles, renewable
energy storage, and portable electronics [25]. Similarly, copper mining is vital for expanding
electricity infrastructure, as copper’s high conductivity and durability make it essential in
power grids, electric motors, and charging stations [26]. The availability of these materials
also drives technological innovation, since stable mineral supplies encourage investment in

advanced battery chemistries, energy storage systems, and motor technologies [27].

Beyond direct technological benefits, mining contributes to broader economic and social
development. It strengthens supply chains by reducing dependence on a few exporting
countries, thereby enhancing resilience and energy security [28]. Moreover, mining supports
the scaling of clean technologies, as without access to critical minerals, it would be
impossible to expand electric vehicles, wind turbines, and solar storage at the required pace
[29]. Mining also creates jobs, infrastructure, and tax revenues that attract downstream
industries like refining and battery manufacturing [30]. Finally, resources such as copper and
lithium are fundamental to low-carbon technologies, helping societies shift away from fossil

fuels toward more sustainable energy systems [31].

Nevertheless, the expansion of mining to satisfy technological needs brings a variety of

environmental, ecosystem, and social issues.
1.1.1 Impacts

The most significant impact of mining is the alteration of landforms caused by clearing

vegetation, removing topsoil, and disposing of large amounts of waste [32]. It is a significant



source of heavy metal pollution, disrupting soil microbial communities and nutrient cycles [33].
Surface mining or open-pit mining, which creates tailings dams, has the greatest impact on the
surrounding areas due to the relatively large volumes of material moved [32, 34]. These mine
tailings and waste dumps persist as long-term sources of contamination [35]. In addition, the Open-
cast mining generates waste material consisting of rock, soil, and various minerals. This waste
material is often referred to as overburden (OB). It is reported that the amount of OB is
greater in open-cast mining than in underground mining processes [36]. Moreover, mining
disrupts topography, vegetation, and biodiversity, causing soil erosion [37], pollution [38],
désertification [39], and land collapses [40], see Figure 1.1. It reduces arable land,
biodiversity, and ecosystem stability [41, 42], and affects water quality by reducing the pH
and increasing contamination with heavy metals, contributing to off-site contamination via
aeolian dispersion and water erosion of mine wastes [32]. Furthermore, the waste dumps
contribute to landslides and mudslides [43], and prevent the natural succession of plant
growth [36]. On a global scale, between 5 and 7 billion tons of tailings are created annually
[32]. Islam et al. [36] found that the OB of coal are composed of silicate minerals and clay
minerals, had low moisture contents (0.36-3.36%), volatile matters (5.48-14.6%), and high
ash content (72.2-92.9%) and are dominantly sandstones, as also correlated by their high SiO»
(58-71 wt%), total alkalies (1.3-4.4 wt%), and Al,O3 (15-22 wt%) content as major oxides.

Tailings pond

Abandoned infrastructure

Figure 1.1: Mining Impact on the Landscape. Source [35].

During mining, waste sulphides, chromium, lead, mercury, and other toxic and hazardous
substances enter the soil through the leaching effect of long-term rainwater. Soil contaminated
with mercury will adversely affect the photosynthesis of plants; With the increase of lead
concentration, the enzyme activity gradually decreases, etc. [36]. The major environmental
issues associated with abandoned mine sites are acidification and the associated metal
toxicities [37]. Under strongly acidifying conditions, the pH of the mine soils can be lowered
rapidly, and metal ions, including Pb, Zn, Cu, Cd, Fe, Mn, and Al, will be released at



extremely phytotoxic levels. In general, acidification and heavy metal toxicity act
synergistically under natural conditions, which collectively deteriorate the physicochemical
properties of mine soils and pose potential hazards to the surrounding natural ecosystems [44].
As a result, the recent 2 decades have witnessed a global surge in research on post-mining

landscape restoration, yielding a suite of techniques and combinations [32].
1.1.2 Strategies for Mine Soil Restoration

Due to the great economic and social importance of mining, new mines inevitably disrupt
natural ecosystems. For this reason, the development and establishment of methods and
techniques able to minimize initial negative effects and, after mining, to restore the original
functions and services of the ecosystems, becomes a research priority [45]. Soil reconstruction
is key to mine remediation by improving soil stability, moisture content, and nutrients to
support revegetation [46]. Restoration technologies include physical (soil replacement,
irrigation), chemical (biochar, phosphate, limestone), and biological (mycorrhizal symbiosis,
native plants) methods [45, 46, 47].

The physical method for restoring mine surface soil includes topsoil transfer backfill, guest
soil filling, isolation, and electrodynamic techniques [48]. Soils on tailings dams are often
nutrient-poor, acidic/alkaline, and of very poor quality; hence, adding topsoil can be a solution
to improve the soil quality [32]. This approach is costly, and salvaged topsoil that has been
stockpiled for long periods can have low nutrient and biological quality. Adegbite; Worlanyo
& Jiangfeng [3, 49] report that amending soils with organic residues to improve the quality is
an effective method. The use of vegetative compost can increase microbial activity and
protect against erosion as the compost decreases the concentration of contamination within
the soil and creates a more suitable growing environment for plants. However, not all organic
materials are equally good for the manufacture of technosols [32]. Studies of [3] and [32]
found that biochar has gained increasing attention recently as a soil amendment. Besides
being a carbon source, biochar also contains high proportions of essential plant nutrients:
nitrogen, phosphorus, potassium, calcium, magnesium, iron, and zinc that are bioavailable for
plant growth but can also increase the pH and enhance the physical properties of soil by

raising its porosity and thereby its water holding capacity.

Chemical restoration technology is a method that improves soil structure and quality by
adding chemical substances to mitigate heavy metal toxicity, inhibit modified solidification,
and soil drenching [48]. Soil pH can be raised by adding fertilizers such as dolomite
(limestone) and by applying biological amendments such as organic waste [32]. The solubility
and bioavailability of heavy metals can be improved by adding synthetic chelators such as
ethylene diamine tetracacetic acid (EDTA) [32], which can remove 25-75% of Cu, Zn, and Pb
[48]. This method is limited by high cost for chemical reagents and machines, the need for



skilled technicians, and the potential to pollute groundwater and adversely affect soil quality

in the event of excessive application [32].

The biological method, or phytoremediation, involves the use of plants, especially fast-
growing plants, microorganisms such as fungi and bacteria, soil animals such as earthworms
(vermiremediation), and other biological systems for clean-up [49]. These plants are
characterized by their robust growth capacity, drought tolerance, strong root systems, effective
absorption and enrichment capabilities, and the ability to prevent soil erosion and nutrient loss.
Moreover, their nitrogen fixation enhances soil fertility and supports animal survival.
Additionally, plant root systems also help in remedying heavy metal pollution [48]. This
method is cheap, of low-technology demand, low re-contamination potential, and is
applicable on a large scale. It also renders agricultural soil productive and aesthetically
appealing [49]. Studies of contaminated sites have proven that trees that are either pioneers or
legumes show higher survival. However, revegetation could improve the fertility of degraded
mined lands, but it requires longer periods to restore the fertility to approximations of the
original levels [32]. Consequently, single restoration techniques have limitations; so,
integrated methods are needed for effective rehabilitation [50]. Native herbs and shrubs with

adaptability, drought resistance, and fast growth should be prioritized for revegetation [51].
1.2 Agroforestry
1.2.1 Definition and principles

Agroforestry integrates trees or woody perennials with crops or livestock to enhance food
security, restore degraded lands, and address climate change, blending ancient agricultural
practices with modern techniques [52]. It optimizes land use through sustainable resource
management, rural development, and environmental preservation (Figure 1.3). Key practices,
including alley cropping, silvoarable systems, riparian buffer strips, and silvopasture, improve
biodiversity, soil fertility, and carbon sequestration [53]. Covering 1.6 billion hectares globally,
with 78% in tropical regions, agroforestry benefits communities through social, community,
and farm forestry [52, 53]. Regardless of the land use, post-mining land must be replanted

with fast-growing pioneer plants suited to the local climate.
1.2.2 Advantages for regeneration:

Agroforestry enhances soil fertility and ecosystem resilience through various mechanisms,
such as improving soil nutrient levels via rainfall, nitrogen fixation, and fertilizers, while
reducing nutrient losses from erosion, leaching, and volatilization [54, 55]. By increasing soil
organic matter, agroforestry boosts moisture retention, nitrogen mineralization, and carbon
sequestration, aiding climate change mitigation [56]. Tree roots enhance water absorption,
nutrient uptake, and phytoremediation, helping soil restoration [56, 57] by acting as "nutrient
pumps" (Figure 1.2) [58], redistributing nutrients from deeper soil layers via litter fall, and

enhancing organic fertilizer potential [55, 59]. For instance, agroforestry systems in Denmark



showed improved nitrogen mineralization, and the rotational woodlots of Tanzania

successfully produced firewood [60, 61].
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Figure 1.2: Benefits of Agroforestry (source: Environmental and Energy Study Institute) (a),

Nutrient pumping and cycling via “safety net” formation (b).

These systems also contribute to carbon sequestration, with notable success in India and East
Africa, improving soil stability, reducing erosion, and enhancing microclimate conditions [57,
58, 61]. Trees help maintain soil structure, improve aeration, and help with groundwater
recharge [54, 60]. Agroforestry systems also show enhanced phosphorus, potassium, and soil
organic carbon levels compared to monocropping [58, 61], with agrosilvopasture systems in
Cameroon proving particularly effective [62]. Additionally, agroforestry improves soil acidity
control and carbon stocks, and the carbon content of agroforestry plots is almost two times
higher than that of monocultures, reducing dependence on chemical fertilisers and promoting

sustainable land use.
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1.2.3 Species Selection

Trees, due to their larger canopies and dense foliage, are more effective than shrubs at
trapping sand dust and improving soil quality. Selecting species with complementary root
depths, shade-tolerant plants, and nitrogen-fixing species can enhance soil nitrogen and water

efficiency, minimising water loss through deep percolation (Figure 1.4).
1.2.3.1 Contribution of Sunflower in the mining restoration

Helianthus annuus (sunflower) has been widely recognised for its strong phytoremediation
potential, particularly for heavy metals such as cadmium, lead, uranium, chromium, nickel,
copper, and arsenic [63, 64]. Its hyperaccumulative nature allows it to function effectively in
multi-metal contaminated sites [65]. Beyond remediation, sunflower is considered
environmentally friendly due to their low input requirements, minimal nitrogen fertiliser, no
irrigation, and limited pesticide use, while also supporting ecosystem services such as
pollinator habitats [66]. Moreover, its high biomass makes it a valuable source for bioenergy
production, further enhancing its role in sustainable land management and circular economy

initiatives [67].
1.2.3.2 Benefits of Mustard in reforestation

Several studies have identified Brassica juncea (Indian mustard) as a highly effective
phytoremediator due to its rapid growth, high biomass production, and robust heavy metal
tolerance. Its hyperaccumulation ability arises from a synergistic combination of traits,
including efficient metal uptake and translocation, vacuolar sequestration, metal chelation and
complexation, and the upregulation of genes involved in metal homeostasis and detoxification
[68]. These physiological and molecular mechanisms enable mustard to accumulate and
detoxify elevated concentrations of heavy metals such as Cu, Cd, Ni, Pb, and Zn. Furthermore,
its short life cycle and adaptability make it particularly suitable for repeated cropping cycles

on contaminated soils [69].
1.2.3.3 Advantages of bamboo for mining agroforestry

Bamboo is an ideal species for soil erosion control, flood prevention, and eco-restoration due
to its extensive root system, rapid growth, and adaptability to poor soils. Its ability to bind
gravel and soil makes it highly effective in stabilizing slopes and rehabilitating degraded lands.
Bamboo maintains a thick litter layer that supports soil moisture and creates a stable
microclimate, crucial for land restoration [70]. Additionally, bamboo sequesters up to 12
metric tons of CO: per hectare, releases 35% more oxygen than other trees, and absorbs heavy
metals from contaminated soil or water, enhancing its environmental benefits [71]. Its fast
growth allows for harvesting every three to five years, enabling quick productivity restoration

on degraded sites.
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Figure 1.4: plants studied; (a) sunflower, (b) mustard, (¢) Moso bamboo

1.3 Agri-PV: Microclimatic and Agricultural Benefits

Climate change and land use conflicts threaten agricultural productivity due to extreme
weather and rising temperatures. Agri-PV, integrating photovoltaic (PV) systems with

agriculture, enhances land use efficiency while mitigating climate impacts [23].

Without Agri-PV (a) With Agri-PV (b)
High rate of /
evaporation Low rate_of
[ X T
WATER High consumption of water due to WATER Reduced water consumption due to
high temperature shading and increased soil moisture
ENERGY No on-farm electricity ENERGY On-farm electricity
production production
FOOD Reduced crop production or crop FOOD Potentially increased food growth
failure due to high temperature due to proper microclimate

Figure 1.5: Behaviour of the crop with Agri-PV (b), and without Agri-PV (a). Source [72].

Agri-PV alters solar radiation levels based on panel orientation, tilt, and spacing, with crop-
available radiation ranging from 60% to 85% of open-field conditions. It enhances quality,
such as increased protein content [23], improves soil moisture and reduces irrigation needs by
up to 40% [73, 74, 75], as shown in Figure 1.5. Beneath PV panels, air temperature can be
lowered by up to 4°C, reducing drought and heat stress, which improves crop water

productivity [76].

Agri-PV system efficiency depends on panel height, spacing, and tracking mechanisms. Panel
spacing influences crop growth, with wider row distances enhancing light penetration [10].
Recommended heights are at least 1.8m for vegetable farming and 2.4m for optimal light
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distribution, with systems ranging between 2.1m and 5.2m in various countries to ensure
agricultural viability [10, 23, 77, 78].

Solar panel configurations, fixed, single-axis, and dual-axis tracking, enhance energy output.
Dual-axis trackers improve efficiency by 29%, while bifacial panels achieve up to 80%
efficiency by harnessing sunlight from multiple angles, improving radiation distribution and

photosynthetically active radiation (PAR), benefiting crop growth [78, 79].

Agri-PV promotes simultaneous food and energy production, particularly in land-scarce and
densely populated regions. It supports biodiversity through pollinator-friendly habitats,
aligning with Sustainable Development Goals (SDGs) related to food security, water
conservation, and climate mitigation [80, 81, 82].

In Germany, Agri-PV improved land productivity from 56% to 70% in 2017 and up to 90%
during the 2018 drought [82]. Applying Agri-PV to less than 1% of global farmland could
meet worldwide energy demands [83], and land productivity can increase by 60%—70%, with

yield improvements of up to 30% for certain crops and 90% for grasslands [76, 82].
1.4 Hydrogen production

Hydrogen production using renewable technology includes water and biomass as feedstocks
[17], and can be categorized into green hydrogen and biohydrogen [84]. Biohydrogen
technology is further subcategorized into thermochemical and biological processes. The
thermochemical process involves pyrolysis, combustion, gasification, and liquefaction.
However, gasification and pyrolysis are the most commonly used and popular techniques in
the current scenario [85]. Various biological processes used for hydrogen production include
direct and indirect biophotolysis, photo fermentation, dark fermentation, and sequential dark
and photo fermentation. The raw material for bio-hydrogen production can be obtained from a
wide range of sources, e.g., energy crops, agricultural residues, forestry waste and residues,
and industrial and municipal waste, all of which are sustainably supplied by nature [12].
Additionally, the renewable process for green hydrogen production includes water-splitting

processes, such as electrolysis, thermolysis, and photoelectrolysis [17].
1.4.1 Gasification

Biomass gasification is one of the effective thermochemical conversion routes for the
extraction of gaseous fuel from biomass feedstocks. This endothermic process requires high
temperatures (between 700 and 1200 °C), a controlled oxidizing agent [86], and appropriate
pressure (atmospheric to 33 bar) [17]. The syngas generated from biomass gasification mainly
comprises hydrogen (H,), carbon monoxide (CO), carbon dioxide (CO;), water vapor (H,0),
methane (CHy), and nitrogen (N2) [17]. Some minor products or impurities, such as tar, char,
oxides of nitrogen (NOx), and sulfur (SOx), can also be produced along with the main

components of syngas during the gasification process [16]. Therefore, the consistency of the
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product gas is mainly determined by the gasifying agent (air, steam, and/or O,), type of
biomass, process parameters (e.g., temperature and pressure), and design of the gasifier [87].
The biomass gasification process is divided into four stages: feedstock drying, pyrolysis,
gasification (oxidation), and combustion (reduction). In the first stage, the biomass feedstock
is dried at low to moderate temperatures (100-150 -C), depending on the moisture content of
the feedstock. In the second stage, that is, the pyrolysis step, the biomass feedstock is heated
at high temperatures (150-700 ~C) and converted into volatile products and char. Additionally,
a highly viscous black liquid designated as tar, which comprises heavy organic and inorganic
components, is produced at this stage. Finally, these components undergo partial oxidation
and reforming with the aid of a gasifying agent to produce syngas at considerably high
temperatures (800-1100 °C) [16, 88]. Figure 1.6 shows the process of biomass gasification
during hydrogen production.

k4 Producer gases
Reduction (Hz+ CO + Others)

Drying

Figure 1.6 Schematic diagram of biomass gasification [85].
1.4.1.1 Parameters

The various parameters that affect the hydrogen yield are: gasifying agent, biomass type,

temperature, particle size, type of catalyst, and steam to biomass ratio [17].
1.4.1.1.1 Gasifying agent:

Gasifying agents play a crucial role in determining the product gas composition and yield.
Steam gasification utilizes steam to produce biohydrogen with a high concentration and is
suitable for biomass with moisture contents of less than 35%. In supercritical water
gasification, water at critical conditions (22.4 MPa, 374 °C) becomes an oxidant and produces
biohydrogen with high yield at low reactor temperatures compared to other techniques [89].
Meanwhile, this leads to a high calorific value of gas production and large energy
consumption, and hence, it is more challenging [12, 85]. Air gasification produces low
concentrations of biohydrogen and biomethane with a low lower heating value, i.e., 4 -7
MIJ/Nm?, mainly because of high nitrogen concentration in the product gas. In contrast,
oxygen gasification produces high-concentration product gas with no nitrogen content in the
product gas. Furthermore, oxygen gasification produces syngas with high heating values (up
to 28 MJ/Nm?®) [89]. The content of hydrogen is 15%-20%, which is then increased up to
30%-40% if the air is replaced by steam [17].
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1.4.1.1.2 Type of biomass

Biomass composition, which comprises varying amounts of cellulose, hemicellulose, and
lignin, influences the products generated during conversion. Typically, higher cellulose
content leads to higher biohydrogen yields, while increased lignin content results in more tar.
Ash percentage is one of the most critical properties affecting the gasification process. A
higher percentage of ash in biomass enhances coke production but does not affect the net

production rate [89].
1.4.1.1.3 Effect of particle size:

The smaller particle size of biomass favors more gas production with a higher percentage of
product and a lower percentage of tar [89]. Decreasing particle size from 2 cm? to 0.5 cm?® had
a significant effect on the char and gas yields, i.e., an approximately 31% decrease in the char
yield and 29% increase in the gas yield. This is due to heat transfer limitations in larger

particles, causing higher temperature gradients inside the particles [88].
1.4.1.1.4 Effect of the temperature:

The process temperature during gasification is not consistent because of the variations in the
reaction temperature throughout the stages in the reaction zones. Therefore, the composition
of combustible H, and CO increased with the process temperature, and the composition
of CO,and CHy decreased as the gasification temperature increased because the lignin in the
biomass feedstock and char components did not decompose well at lower temperatures.
Therefore, a high temperature is required to convert the tar and char components to obtain an

increased amount of H, gas [16].
1.4.1.1.5 Effect of the biomass feedstock moisture content

The typical water content for the gasification process is 10-15 %, but biomass with a water
content of up to 35 % can also be used in the gasification process [89] by using the SCW
gasification [17]. The amounts of H, and CO, produced increased with the biomass moisture
content, whereas the amounts of CO and CH, produced decreased as the feedstock moisture
content increased because the moisture converted to vapor at a high temperature and

participated in water—gas shift and methanation reactions to form H, , CH4, and CO [16].
1.4.1.1.6 Effect of the steam-to-biomass ratio (STBR):

The steam-to-biomass ratio plays a key role. The optimal value for biomass gasification is in
the range of 0.3-1.0. The amounts of H, and CO increased with the STBM ratio, whereas the
amount of CO, and CH, decreased; this is because the hot steam was converted to H, , CO,
and methane at a high temperature through the water-gas shift and methanation reactions [16].

However, an excess STBR ratio leads to high energy requirements and tar formation [89].
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1.4.1.2 Gas Reforming and Purification

Gasifying Agent Air/Oxygen/ CO,/ Steam eftc.

Pure
H,

= . H,/CO,
Drying and - . Cleaning of tar Steam. meth?ne P s < 8
Gasification and other reforming/ Water P

Grinding
contaminants gas shift reaction

Figure 1.8: Schematic of the gasification process with integrated syngas reforming process [86]

To enhance the hydrogen (H, ) content in syngas, it can undergo additional purification via
steam reforming and water gas shift (WGS) reactions. The different biomass-to-hydrogen
conversion processes produce a gas mixture that cannot be directly used as renewable energy
due to the presence of CO, and other trace gases, along with hydrogen. The purification
process (Figure 1.8) involves purifying, compressing, and storing the impure hydrogen gas at

a high density to match the energy values of other gases like gasoline and natural gas [86].
1.4.2 Electrolysis

Water is one of the most abundant and inexhaustible raw materials on Earth. About 71% of
the surface of Earth is water-covered, and it is vital for all known forms of life. The various

water-splitting processes are electrolysis, thermolysis, and photoelectrolysis [17].

Water electrolysis is one such electrochemical water splitting technique for green hydrogen
production with the help of electricity, which is an emission-free technology. The basic

reaction of water electrolysis is as follows: Eq. (1.1) [90].
H,0 + Electricity (237.2 k] mol™!) + Heat (48.6 k mol™!) — H, + %02 (1.1)

Electrolysis is a well-established method of decomposing water molecules into hydrogen and
oxygen using electric energy. A typical electrolysis unit or electrolyser consists of cells
containing two submerged electrodes with an electrical potential applied, which separate the
constituents of water by electrical force. The overall reaction of the electrolysis process
includes Eq. (1.2, 1.3, and 1.4) [91].

Anode: Hy0 — -0 + 2H* + 2e~ (1.2)
Cathode: 2H* + 2e™ -» H, (1.3)
Overall reaction: H,0 = H, + %02 (1.4)

By imposing a direct current into an aqueous solution containing electrolytes (such as sulfuric
acid, sodium hydroxide, potassium hydroxide, etc.), hydrogen could be produced by
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ionization of strong electrolytes dissolved in water after electrolysis. Hydrogen production
from this method has the advantages of environmental benefits and flexible production. The
efficiency is 75.85%, and the purity of hydrogen products can reach more than 99%. In
addition, the combination of primary energy (wind energy, solar energy, etc.) with this method
would give it a wider range of applications and lower pollution. Nevertheless, those energy
sources are regional, intermittent, and sometimes unstable, thus leading to difficulty in the
commercial application of hydrogen production by electrolysis. In addition, this method needs
to consume a huge amount of electricity, (4.5- 5.5 Kw) to produce one cubic meter of
hydrogen using this method, which contributes to 80% of the hydrogen energy produced [12].

Electrolysis is one of the most straightforward processes for producing hydrogen from water.
It represents the conceptual setup for four electrolyser technologies: alkaline-based
electrolysis (AE), proton exchange membrane (PEM), solid oxide electrolysis cells (SOEC),
and anion exchange membrane (AEM) [92]. Today, the two main electrolysis technologies
that exist commercially are the alkaline electrolysis and proton exchange membrane (PEM)
systems. Alkaline electrolysis is a mature and commercial technology, used since the 1920s,

for hydrogen production in the fertilizer and chlorine industries [17].
1.4.2.1 Energy requirement:

Water splitting is thermodynamically an uphill reaction and needs an energy input of AG of
237.1 kJ/mol; a potential of 1.23 V is required to drive the water electrolysis [90]. A much
higher applied voltage, the so-called overpotential, is required to overcome several barriers.
These include electrical resistance of the circuit, the activation energies of the electrochemical
reactions, as well as hurdles related to gas bubbles. To make the process more affordable, the
overpotentials for both half-reactions should be lowered. This can be achieved by using

electrocatalysts that can reduce the energy input and activation energy [93].
1.4.2.2 Influence of the factors:

The influence of various combinations of the controlling factors, namely electrolysis time,
electric voltage, and catalyst amount, affects the hydrogen generated by the water electrolysis
process. The applied voltage has a significant effect on hydrogen production, especially at low
and high catalyst loadings and prolonged electrolysis times. Moreover, the electrolysis time
also has a significant effect on hydrogen production at the various catalyst loadings and at a
high applied voltage. The applied voltage is known as the main driving force for splitting
water molecules into oxygen and hydrogen. However, a balance between the applied voltage
(energy consumption) and hydrogen production (hydrogen energy output) should be
optimized to work under the best economic conditions [94].
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1.4.2.3 Alkaline-based electrolysis

1.4.2.3.1 Working principle of alkaline water electrolysis

Cathode : Anode
2H,0 + 2e"— H, + 20H- [

G
Flow field separator plates Flow field separator plates
Cathode Electrode (Ni) Anode Electrode (Ni)

Figure 1.9: Schematic illustration of the alkaline water electrolysis working principle [90].

Alkaline electrolysis is a mature technology for H, production up to the MW scale and
represents the most widely used electrolytic technology on a commercial level worldwide.
The AWE cell consists of two electrodes (anode and cathode) immersed in a highly
concentrated aqueous alkaline electrolyte consisting of 20 to 30 mass% KOH [95], and
typically operates at 60-80 °C [14]. In traditional AWE, the most commonly used anode and
cathode materials are low-cost steel or nickel alloy-plated steel materials. The two electrodes
are arranged in a zero-gap (or quasi-zero-gap) formation using a thin diaphragm, which
enables separation of the product gases. The diaphragm is permeable to hydroxide ions and
water [95].

Electrochemical water splitting consists of two half-reactions, namely, the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER). As illustrated in Figure 1.9, these
reactions take place at the cathode and anode sites, respectively, and they are preferably
separated by an ion-exchange membrane. Among other parameters and indicators (like
temperature, pressure, type and concentration of electrolyte, electrode type, and cell
configuration), both HER and OER are very sensitive to the pH of the electrolyte, and they
proceed in different reaction pathways. In acidic media, water is oxidized to molecular
oxygen, producing protons at the anode. The generated protons are transferred to the cathode
and reduced to molecular hydrogen. Under alkaline conditions, as shown in Figure 1.9 ,
hydroxide anions, generated by the water at the cathode site, act as electrochemical charge
carriers. The oxidation of hydroxyl anions at the anode site results in O, and electrons, which
are further used for H> generation at the cathode site. The electrochemical reactions take place
at the interface between the electrode surface and the electrolyte, and the gas evolution rate is
directly proportional to the flowing current through the electric circuit based on Faraday’s law
of electrolysis [90, 93].
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1.4.2.3.2 Cell components of alkaline water electrolysis

The major alkaline water electrolysis cell components are diaphragms/separators, current
collectors (gas diffusion layer), separator plates (bipolar plates), and end plates, respectively.
In general, Asbestos/Zirfon/nickel-coated perforated stainless-steel diaphragms are used as
separators in alkaline water electrolysis. The nickel mesh/foam is used as a gas diffusion layer,
and stainless steel/nickel-coated stainless steel separator plates are used as bipolar and end

plates, respectively [90].

For instance, the frequent start-stop cycles caused by intermittent renewable energy notably
reduce the operational lifespan and hydrogen production efficiency of electrolysers,
presenting a substantial barrier to the long-term sustainability and cost-effectiveness of green

hydrogen production [96] .

In summary, mining is indispensable for technological and economic development but also
produces significant environmental and social impacts. Although reclamation techniques such
as physical, chemical, and biological (phytoremediation) methods have been implemented,
they remain constrained by important limitations. To address these gaps and evaluate
alternative sustainable approaches, the next section outlines the materials and methodology

employed in this study.
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Chapter 2: Materials and Methods

This study adopts an integrated methodological framework to assess the impacts of mining
activities and the potential of sustainable restoration practices. The approach combines
empirical data collection with the assessment of restoration strategies, such as agroforestry

and agrivoltaics, together with hydrogen production simulation using Aspen Plus.
2.1 Study Framework

The study was conducted at Nchanga Mine in Chingola, a town in Zambia’s Copperbelt
Province. It is 1340 meters above sea level on the Central African Plateau, 12°30'S latitude,
27°50'E longitude. Nchanga Mine, the largest open pit mine in Africa, is operated by Konkola
Copper Mines (KCM) Plc. 1t is a large reservoir of mining waste and present a significant
concern of the environment due to potential heavy metals in surrounding water and soil,
leading to health issues for nearby communities. The mine workings lie in an arc that is 11 km
long around the west and north of the town (Figure 2.1), covering nearly 30km? as such, the

extent of land degradation and soil contamination by heavy metals is of serious concern [97].

Copperbelt province
Il Chingola
Zambia

I Central

[ Copperbelt
I Eastern

B Luapula

I Lusaka

I Muchinga
I North-Western
[ Northern

I Southern

B Western

Figure 2.1: Map showing the location of the Nchanga open pit mine in Chingola

The area receives an average of 1,000 mm of rainfall annually. It has three distinct seasons:
the rainy season (November-April), the cool dry season (May-August), and the hot dry season
(August-November). Due to the elevation of the country, the area typically experiences a
subtropical climate with mean monthly temperatures ranging from 15.8 to 15.9 °C in June and
July (the coldest months) to 26.3 °C in October, which is the hottest month [97].
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The underlying geology of the area is the mineralised Katanga system and the undifferentiated
basement complex of mainly granites, granitic gneisses, and migmatites. The soils are of two
distinctly different types. In the western part of the area, soils are chromic haplic Ferrasols
(according to the FAO classification system), which are well-drained, deep to very deep
yellowish red to strong brown, friable-clayey soils with a high silt/clay ratio and uniform
texture throughout. In the eastern part, the chromic haplic Acrisols are the dominant form,
which are well-drained, deep to very deep yellowish red to strong brown friable loamy to

clayey soils having a clear clay increase with depth [98].
2.2 Conceptual Framework for Land Restoration

This study presents a theoretical model for rehabilitating a degraded mining site at Nchanga
Mine in Chingola, Zambia, through the integration of agroforestry and agrivoltaics systems.
The primary objectives are to assess improvements in soil quality, estimate biomass yield
from selected plant species, and evaluate the energy output from photovoltaic installations.
This integrated model serves as a foundation for further analysis of potential hydrogen

production.

A randomly stratified 1-hectare area within the tailings dam was selected as the simulated site

and evenly divided into two 0.5-hectare plots, with precise spatial delineation.

e Agroforestry plot: aimed at delivering ecosystem services, soil restoration, and
biodiversity enhancement [99].
e Agri-PV plot: Designed to evaluate shading effects, irrigation efficiency, and energy

co-generation [78].

Each 0.5-hectare subdivided into two quadrats to facilitate seasonal crop rotation, a practice

that helps interrupt pest and pathogen life cycles and supports long-term soil health [100].

Table 2.1: soil physical and chemical properties of the mining site [3].

Composition of Various Waste Content (mg/kg)

Mine Clay Organic Total N Bulk density P K Mg Ca Na pH
waste (%) C (%) (g/cm?)

Tailing 5.85 1.32 50048 1.49 5.05 359 853 3309.5 50 7.89
s dam

Composition of Heavy Metals (mg/kg)

Mine Cu Co Ba Zn A\ Pb Ni Cr As Cd
waste
Tailing 12,233 333.5 147.08 66.08 204 20.17 19.83 14.23 6.21 0.60
s dam
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To enable comparative analysis, an adjacent uncontaminated site located outside the tailings
dam will serve as the control area. The physical and chemical properties of both the
contaminated and control sites are derived from existing literature [3, 101], respectively
(Table 2.1 and Table 2.2). Key constraints at the contaminated site include moderately high
bulk density (1.49 g/cm?) and elevated concentrations of heavy metals, particularly copper
(Cu) and cobalt (Co). These data will support the evaluation of existing soil conditions and

form the baseline for assessing the performance of phytoremediation treatments over time.

Table 2.2: Physical and chemical properties of the healthy soil [101].

Healthy  Bulk P K Mg Ca N pH
soi 2‘;‘::‘; (mgkg) (mgkg)  (mghg) (mgkg)  (mgke)

1.3 120-150 130-170 100-130 1890-2580  780-1160  6.6-7.1
Cu Zn Co Pb Ni Cr As Cd
(mg/kg) (mg/kg)  (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
20 50 8 10 50 100 5-20 3-8

2.2.1 Crop and Tree Selection for Phytoremediation and Soil Improvement

The plant species selected for this model are based on their known ecological functions and

documented performance on degraded land (7able 2.3).

Table 2.3: Plants chosen for the current study

Species Role Key Functions References
Phyllostachys  Phytoremediator, - Absorbs heavy metals (Cu, Zn, Cd, Pb) [103], [104],
edulis  (Moso  biomass  producer, High biomass yield for erosion control and [103]
Bamboo) soil regenerator .

carbon sequestration

- Enhances nitrogen cycling and improves soil

structure
Brassica Versatile - Uptakes Mo, Cd, Zn, Cr, Ni, Cu, Pb, Au [69], [102],
Juncea phytoremediator & Rapid growth enables quick land cover [106], [107],
(Mustard) soil conditioner [108], [109]

- Stimulates microbial activity, improves soil

fertility
Helianthus Hyperaccumulator - Accumulates Cd, Pb, Zn, Ni, Cr, As, Fe [110], [111],
anmuus & soil restorer - Tolerant of poor soils; ideal for mine tailings [112]
(Sunflower)

- Enhances microbial diversity, reduces erosion
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Phytoremediation using hyperaccumulators is an emerging and cost-effective option for heavy
metal pollution cleanup in soils [102]. Certain bamboo species, such as Moso bamboo, have
been shown to have a high endurance in metal-contaminated soils, enabling a considerable
uptake and accumulation of heavy metals. However, excessive concentrations of heavy metals
may cause oxidative stress and damage bamboo plants. Therefore, several management
strategies have been developed to improve the phytoremediation ability of bamboo species,
including the selection of tolerant bamboo species, intercropping with hyperaccumulators [20],

such as mustard (Brassica juncea) [102], and sunflower (Helianthus annuus ) [63].
2.2.2 Spacing assumptions:

Optimal crop spacing in mustard has been shown to significantly enhance growth parameters,
growth rates, and both seed and straw yield [113]. Similarly, increasing row spacing in
sunflowers has been found to positively influence yield [114]. Sunflower and mustard must be
sown both under and outside the panels, with 30 cm and 15 cm spacing between plants and
between row distances of 50 cm and 45 cm, respectively. Bamboo plants will be established

using 3-month-old seedlings, spaced 5x5 meters apart outside the panels [115].
2.2.3 Soil Remediation Estimation

To assess the extent of soil improvement through phytoremediation, the number of crops and
trees established in each treatment plot will be recorded, and their performance will be

evaluated using established metrics of phytoremediation efficiency.
2.2.3.1 Number of crops and trees in the study area
2.2.3.1.1 Number of crops under solar panels:

The number of crops under the solar panel is calculated using spacing formulas in Eq. (2.1)

nbr,, = nbrg X nbr, (2.1)
nbrg, = 1:—; = nbr, = nbrg, + 1 (2.2)
nbr,, = ;‘; — nbrg = nbrg+ 1 (2.3)
Where:

nbr,, is the number of crops, nbry is the number of rows, nbr i is the number of plants/row,

nbry, is the Number of spacing between plants, 15, is the width of the area under PV, sp is the

spacing between plants, nbrgg is the number of spaces between rows, Ly, is the Length of the
area under PV, and SR is the spacing between rows.

The Length (L,,) and the width (1,,) of the area under PV was calculated based on the
number of panels in the row and the number of rows of panels, using these formulas in Eq.
(2.4).
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I, % nbrpg X (2Lp +d,) x nbry, = 5000m2 (2.4)

lAu = lp X nbrP/R (25)
LAu = ((Lp X 2) + dr) X nerp (26)
Where:

Lp is the length of the panel, nbrpy is the number of panels in the row, 1, is the width of the

panel, d, is the spacing between rows of the panel, and nbry,, is the number of rows of panels.

2.2.3.1.2 Number of crops and trees in the open field:

Here, the distance between the panel array and the trees must be considered. In the northern
hemisphere, solar panel systems are oriented to maximize exposure to the southern sky.
According to NABCEP (The North American Board of Certified Energy Practitioners),
shading may be caused by any obstructions in the vicinity of PV arrays that interfere with the
solar window, especially obstructions to the east, south, and west of an array [116]. In this
study, the trees will be positioned in the northern part of the photovoltaic field, and
obstructions or trees to the north of a solar PV system in the northern hemisphere do not
interfere with solar radiation capture, as the sun remains in the southern part of the sky.
Therefore, no fixed minimum distance is required. However, though practical spacing for
maintenance is better to take 3-5m. In addition, the average diameter breast height (DBH) of
Mosso bamboo is 20.5 cm [103]. The available area for the trees (S,,1;) and crops (S,.) are
calculated using Eqgs. (2.7 and 2.8). The width of the open field ( 1,) is the same as for the
solar field (14,).

S.vrr = 5000m - (5x1,,) (2.7)
Saver = 5000m - [(0, 205%1,,,)%nbrg] (2.8)
Where:

[(0 205%14,)xnbrg], is the area occupied by the trees, and nbry the number of rows of the trees.

The length of the trees (Lt,) and crops (L.,) areas are in Eq. (2.9, and 2.10).

Ser
L,=— (2.9)

Ly = X (2.10)

The number of crops and trees in the open field was calculated using Eq. (2.1).
2.2.3.2 Evaluation of metrics for plant phytoremediation efficiency

Over the past two decades, various efficiency indices have been employed in the field of
phytoremediation of heavy metals (HM) to investigate plant—soil interactions, metal transport

mechanisms, and accumulation patterns within plants. These indices serve as valuable tools
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for researchers to assess the actual progress and effectiveness of remediation occurring in the
targeted areas [117]. To estimate the phytoremediation potential, the HM concentration in

plants( Cpjant), shoots (Cghoor), and roots ( Croq), and the plant biomass rate from the literature

was used.

The data presented on the concentrations of heavy metals (Cu, Zn, Pb, Ni, As, Cd, Cr, and Co)
in the soils and the aerial parts and roots of sunflower, mustard, and bamboo were derived
from multiple studies specifically focused on these same plant species (Table 2.4 (Annex )).
These studies spanned diverse environmental conditions and geographic locations, each with
unique soil characteristics and pollution histories that directly influenced metal availability
and plant uptake. One of the main reasons for not seeing the same concentrations of metals in
plants across different sites is due to the complex interactions between soil properties and the
physiological traits of the plants.

The pH of the soil influences the chemical form and solubility of metals. The bioavailability
of heavy metals to plants depends on their mobility in the soil, which is largely affected by
soil pH. A low pH favors cationic metal forms that are less likely to be adsorbed by soil
particles, thus facilitating metal migration within plant tissues [118]. Soil alkalinity likely
decreases the availability of heavy metals, hence reducing their uptake by plants. The pH
significantly impacts the uptake of mineral elements; Cu and Ca exhibit higher
bioaccumulation in alkaline soils, whereas Sr, Zn, and Mn are preferentially absorbed in
acidic soils [119]. Organic matter (OM) is essential for the physical, chemical, and biological
properties of soils. It forms complexes with heavy metals, retaining them in exchangeable
forms, and generally limits their uptake by plants. OM-rich soils tend to hold more metallic
elements, immobilising or releasing heavy metals as necessary. OM can also enhance lead (Pb)
uptake by roots. Notably, low-molecular-weight OM fractions bind more cadmium (Cd) and
boost its mobility compared to high-molecular-weight fractions [120]. However, in some
instances, dissolved organic carbon can enhance metal mobility by creating soluble
organometallic complexes. Essential nutrients (N, P, K, etc.) influence root growth and plant
metabolism, indirectly affecting metal uptake [121]. Soils rich in clay or silt adsorb metals
more effectively than sandy soils, leading to variations in metal availability to plants. A study
of [122] stated that clay minerals and organic matter enhance heavy metal adsorption, while
lead and cadmium, with their high affinity for soil particles, become strongly adsorbed and
less available to plants. Electrical conductivity (EC) indicates soil salinity, which can
influence plant physiology and root permeability. Schiick & Greger. [123] reported that high
salinity can decrease heavy metal uptake through several mechanisms, including the
stimulation of root epidermis lignification by NaCl, which creates a physical barrier that
limits metal absorption. Furthermore, sites may differ in the types and intensities of metal
contamination (e.g., from industrial, agricultural, or natural sources), resulting in varying

initial concentrations in the soil. However, due to these factors, even when the same plant
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species is cultivated, the actual concentrations of metals in the aerial parts and roots will differ
depending on the specific conditions of the site. In other words, metal uptake by plants is not

uniform across sites; it is a dynamic process influenced by the local environment.

To ensure reliable comparisons and a more generalized understanding, this study calculated
the mean values from reported ranges in 18 different studies. These averages represent typical
concentrations for these plants under varied environmental scenarios, providing a robust

baseline to compare with the local site data in this research.

By calculating the percentages of metal concentration in the shoots and roots relative to the
soil (Table 2.5 (Annex)), this work highlights how both plant characteristics and local
environmental conditions (including pH, organic matter, TOC, nutrient status, soil texture, and
EC) collectively determine the observed accumulation of metals. Consequently, these
percentages and the patterns of accumulation they reveal are directly applicable for

understanding and evaluating metal uptake in the specific context of the current study.
2.2.3.2.1 Translocation factor

The translocation factor (TF) is the efficiency index of the plant species, which indicates the
translocation of metals from the root part to the shoot or aerial part, and can be calculated as
follows (Eq. 2.11) [117].

TF = Sshoot (2.11)

CI‘OOt

where Cg,00t 1ndicates the metal concentration accumulated in the shoot part and C.,,; the

metal concentration accumulated in the root part.

It is evaluated that a translocation factor greater than 1 for any plant shows its potential to
phytoextract the metal from the root into the shoot. In contrast, a TF lower than 1 indicates its

Phyto-stabilizing property.
2.2.3.2.2 Bioaccumulation factor

Bioaccumulation refers to the active transfer of chemicals or compounds (such as metals)
from the environment to the tissues of living organisms via metabolic processes. The ratio of
metal content in plants to total metal content in the soil is known as the Bioaccumulation
Factor (BAF) [69]. The following Eq. (2.12) sourced from [69], and [124] are used to

determine the bioaccumulation factor of heavy metals:

BAF =2t (2.12)

Csoil
Where:

Cplant 18 the total heavy metal concentration in plants and Cgo;) metal concentration in the soil.
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2.2.3.2.3 Total metal uptake (Muy)

The metal uptake is the product of the dry weight of the plant and the Concentration of the
metal. It was calculated using Eq. (2.13) [125].

MuTchlantXBplantXNplant ( 213)

Mury is the Total metal uptake (mg/ha), Cpjan: represents the heavy metal concentration in the
plant (mg/kg), Bpan; 1s the dry biomass weight produced in one harvest(g), and Ny, is the

number of plants.
2.2.3.2.4 Remediation factor (RF)

The potential for phytoremediation, or the efficiency with which plants can extract metals
from contaminated soils, depends on factors such as plant biomass, metal concentration in
both the plant and the soil, and the soil mass within the rooting zone. It is assumed that metal
pollution occurs only in the active rooting zone, at the top 20-cm soil layer [126], which gives
a total soil mass (S,). The following Eq. (2.14 and 2.15) calculate the phytoextraction rate or
the metal extraction ratio of the plant [118, 128, 129, 130].

RF = 2t * Bplant 43 (2.14)
Csoil>< SM
C an XB an
RF; =w X Npjant X100 (2.15)
Where:

RF is the remediation factor by one crop (%), Cpjanc represents the heavy metal concentration
in the plant (mg/Kg), Bpjan; is the dry biomass weight produced in one harvest(g), Cq; 1s the

total metal content in soil(mg/Kg), Sy is the soil mass in the rooting zone), RFt is the total

remediation factor (%), and Npj,n is the number of plants.

2.2.3.2.5 Removal Efficiency

The removal efficiency (RE) is the efficiency index of the plant to remove metal from a
contaminated site. The metal removal efficiency was determined based on the Eq. (2.16)
proposed by [118], [131].

RE=5% %100 (2.16)

1

Where:

C; initial metal concentration and C; final metal concentration in the soil after plantation.
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2.2.3.2.6 Phytoremediation time

The phytoremediation time of heavy metals in soil is calculated using Eq. (2.17) from [126].

Csoil X SM

tp(year) N Cplamt>< Bplant Xn (2 1 7)

n is the number of times the plant is cropped yearly.
2.2.4 Implementation of a Solar-Powered Pumping and Water Storage System

2.2.4.1 PV structure

Due to the arrangement of the PV modules, shading underneath the facility is not uniform and
varies during the day depending on solar altitude. In studies with Agri-PV systems adapted for
crop production, for example, through a reduced module density, crop-available radiation was
predicted to reach values ranging between 60 and 85% of that in open-field conditions [23].
The installation heights of the PV modules found in studies were 4.5, 4.0, and 4-5 m [132]. In
this study, solar panels with dimensions (1.7m X 1m) are installed above crops at a height of
4m, with row spacing of 2m (to allow crops to get more light), and an inclination of 10.91°C
southward [133] according to the attitude of the site. The total number of modules installed is
obtained from Egq. (2.18), refer to Eq. (2.4), and the energy generated by the PV generator
was estimated according to [134] in Egq. (2.19).

Npanels = nbrp g Xnbrg, (2.18)

Npanels is the number of panels, nbrp/g is the number of panels in the row, and nbrg,, is the

number of rows of panels.

Egeneratea=Ppk X PSHXPR (2.19)

P, is the peak power of the PV field, obtained as the product of the PV module’s power
(375W) rating and the number of modules used in the construction of the PV field. PSH is the
peak sun hours equal to the equivalent number of hours per day when solar irradiance
averages 1.000 W/m2 (the solar radiation of the site is 5.7 kWh/m2-day, with an average peak
sunshine of about 6-8 hours per day [135], and PR is the losses estimated as 20%.

2.2.4.2 Borehole and pump

A borehole will be drilled with a tank and a pump installed to ensure irrigation (a drip system
setup will be adopted) when rain is low or during the dry season, and water needed for the
electrolyser for green hydrogen production. To prevent further soil contamination and reduce
the risk of damage to the electrolyser, a minimum distance of 50-100 meters between

boreholes for water supply and soakaways for tailing dams is recommended [136].
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2.2.4.3 Irrigation method

A drip irrigation system mulched with white plastic film (thickness, 0.01 mm; width, 900 mm)
will be used to deliver the irrigation water, accompanied by a water meter installed at the inlet
of the submain to measure the irrigated water amount [41]. Drip tubes with emitter intervals

depending on the crop will be in the center of each bed to apply the irrigation water.

Precipitation accumulates along the dripline at the lower edge of the panels, potentially
leading to increased runoff and erosion [137]. A suggested solution may involve
implementing appropriate management practices, such as installing a system that captures
water through pipes and directs it to a storage tank, to reduce water redistribution and

minimize the risks of runoff and soil erosion.
2.3 Water and energy required

The water requirement for each crop in the system was determined based on literature values
and adapted to the site-specific rainfall regime and growth period. For Moso bamboo, an
irrigation rate of 1.644 mm/day (equivalent to 0.0805 L/day per pot radius) has to be applied
continuously to meet its needs throughout the year, aligning with reported annual irrigation
rates of approximately 600 mm/year [138, 139]. When it comes to sunflowers, the water
requirements during the growing season are approximately 500-670 mm, which corresponds
to an estimated daily need of 7.1 mm/day [140]. Sunflowers are recognized as dryland crops
and typically rely on stored soil moisture and rainfall to meet their water demands. Similarly,
the seasonal water requirement for mustard ranges from 31-40 cm (310-400 mm) [141]. In
this study, these water demands were considered to plan the daily and seasonal irrigation

schedules accordingly.

The volume of water needed for each crop based on their surface area occupied within a 1ha
in this study is calculated using Egq. (2.20).

V=W, XA (2.20)
Where:

V is the volume of water (m*/day), Wy is the daily water needs (mm/day) and A is the area
occupied by the crop (m?).

The overall daily irrigation volume (V) for the system is obtained by summing the individual

daily water (V) requirements of the three crops.

A 1.6m?*/day of water is assumed for the hydrogen production, which is added to the overall
daily irrigation volume (Vy), giving the total daily water demand (DWDtotal). The required
optimal flow rate can then be computed by dividing the total required volume of water per
day needed by the available hours, using the following Egq. (2.21) [134].

__ DWbDtotal
tsh

Q 2.21)
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Where:

Q is the optimum flow rate (m3/h), DWDtotal is the total daily water demand (m?), and tsh is

the computed solar hours.

The size of the water pump and the hydraulic system is calculated based on the following Eq.
(2.22) [142].

Pngnﬂ (2.22)

Where:

P is the pumping power in W; p is the density of water in kg/m?; g is the acceleration due to
gravity (9.81 m/s?); H is the total pumping head and hydraulic losses in m (35); Q is the water

flow rate in m®/s; 1) is the efficiency of the pump and the motor (0.7).
The hydraulic energy (£,) required per day (kWh) is calculated based on the Egq. (2.23) [142].
E;, = pgHDWDtotal (2.23)

The energy required for the green hydrogen production ( £,) will be the remaining energy
obtained from Eq. (2.24)

ErzEgenerated'Eh (224)

Egenerated 18 the energy generated by the PV system and the Ej, is the hydraulic energy (energy
required for the pump).

2.4 Biomass production:

Since sunflower, mustard, and bamboo plants accumulate heavy metals from contaminated
soil, they should not be consumed either as food or fodder. However, their entire harvestable
biomass can be considered as potential feedstock for biohydrogen production without needing
to account for theoretical and recoverable residue potentials. In this study, the harvestable
biomass of each plant (g) was obtained from different literature sources, and the mean value
(Table 2.4) was used. The total biomass (5;) produced by those plants was calculated using

the average biomass per plant (5,,/,) from the literature and the number of plants per hectare
in Eq. (2.25).

Bt:BaV/pXNplant (225)

2.5 Hydrogen Production via Simulation with Aspen Plus software
2.5.1 Gasification modelling

In the present study, the simulation program ASPEN Plus V14 is used to develop a steady-
state model with char and tar modelling for a downdraft biomass gasification. The model

describes the pyrolysis and air-steam gasification of three biomass feedstocks, including
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sunflower, mustard, and Moso bamboo. Each biomass is simulated separately but using the

same model.

Aspen Plus is a Chemical Process Simulator by Aspen Tech, used to model, simulate, and
optimise complex processes such as biomass gasification. Biomass, due to its complex and
variable structure, is not represented as a pure compound in databases. In Aspen Plus, it is
defined as a nonconventional component using proximate and ultimate analyses for material
balance calculations. Figure 2.2 presents the flowsheet developed to simulate the sequence of
thermochemical processes that biomass undergoes for hydrogen production. Table 2.6
presents the list of units employed in the flowsheet with a short description of each block.

Table 2.6: List of units used in the Aspen Plus flowsheet. Block

Block Type Description

DRYER RStoic Simulates the drying process.

DRYER- Flash 2 Separates the solid dry biomass from the hot gas and water vapour.
FLSH

SEP1 SSOLID  Separates the hot gas from the water extracted from the biomass.

DECOMP RYield Converts the nonconventional component into tar, char, and

conventional components.
SEP2 Separator Separates char, tar, and a mixture of conventional components.

PYRO RGibbs Simulates the reactions between conventional components through
Gibbs free energy minimisation.

MIX 1 Mixer Mixes char, tar, and gas, producing the pyrolysis products stream.
MIX2 Mixer Mixes the pyrolysis products with air.

OXI RPlug Computes the kinetics of the oxidation zone.

MIX - Mixer Mixes oxidation products with additional steam.

STEAM

RED RPlug Computes the kinetics of the redaction zone.

SSPLIT SSPLIT  Separate the gases from the solid

PSA Separator Separate hydrogen from other components in the syngas for high purity
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SSPLIT

MIX-STEA

Figure 2.2: Aspen Plus flowsheet constructed for the present work

2.5.1.1 Process simulation

Aspen Plus allows the user to select several sets of property calculation methods. In this work,
the IDEAL property method has been chosen as the process involves low pressure and
relatively small quantities of condensable components (tars). Since biomass and ash were
defined as nonconventional components, the density and enthalpy calculation methods must
be specified, which were DCOALIGT and HCOALGEN, respectively. The stream class was
defined as MIXCINC for the presence of both conventional and nonconventional solid
streams. The compounds included in the simulation are listed in Table 2.7. Given the
complexity of the process, a set of assumptions was adopted: the method described is steady-
state, pyrolysis is considered instantaneous, while oxidation and reduction are governed by
chemical kinetics, and each block is modelled as isothermal. Char is modelled as carbon
(graphite), and tars are represented by a surrogate mixture of benzene and naphthalene, in a
ratio of 3/7.

The first step of this model is the drying process of biomass. In the gasification process, the
drying was carried out in the reactor RStoic. The function of RStoic was to eliminate the
excess moisture present in the biomass feedstock. It converts an amount of biomass from the
feed to produce water. Excel has been utilized for running the drying operation. After that, the
water was used to make the reaction happen. At this time, some of the water in the biomass
that was put in went away because it had been made hot. A separator block (DRYER FLASH)
was then used to carry out the separation, which involved splitting the streamlines after the
process of fractionation had been completed. The dry biomass was sent into the next block for
the decomposition process, and the evaporated moisture was drained out through the exhaust.
Since biomass is defined as a nonconventional component, before modelling a chemical
process, it needs to be ‘decomposed’ into its elemental constituents. This was done in an
RYield block (DECOMP). The dry feedstock is transferred by the DRYBIO stream to the
RYIELD reactor (pyrolysis zone), where decomposition occurs, and the volatile matter it

contains is devolatilised. In this reactor, biomass was converted, and constituent components

-32-



were produced. It was assumed that the volatile content of the biomass material could be used

for the gasification process. Excel is used to determine the fractional conversion of moisture

from the feed and to calculate the yield distribution of biomass into products based on the

ultimate analysis.

Table 2.7: Components used in the Aspen Plus model

Component ID Type component Name formula
H: Conventional Hydrogen H>
H;0 Conventional Water H>O
CO Conventional Carbon monoxide CcO
CO: Conventional Carbon dioxide CO;
N2 Conventional Nitrogen N2
02 Conventional Oxygen 0
CH4 Conventional Methane CH4
C Conventional Carbon graphite C
S Conventional Sulfur S
Cl Conventional Chlorine Cl
Benzene Conventional Benzene CeHe
Naphthal Conventional Naphthal CioHs
HeS Conventional Hydrogen-sulfide H>S
SO; Conventional Sulfur-dioxide SO2
SO; Conventional Sulfur-trioxide SOs
BIOMASS Non-conventional
Ash Non-conventional
Char Non-conventional
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To account for the formation of specified yields of tar and char, the empirical formula FEgq.
(2.26) reported by [143] was used. The condensable and non-condensable components were
then separated into three sub-streams: CHAR, TAR, and a mixture of elemental species (C, Ha,
02, N2, S...) and ash. The latter stream was input into an RGibbs reactor unit to calculate the
equilibrium composition of the expected pyrolysis gas mixture, based on the minimization of
the Gibbs free energy of the system. The product streams from the pyrolysis stage, GAS, TAR,
and CHAR, were mixed and then mixed with air before entering the oxidation reactor (OXI).
In this work, oxidation is assumed to be governed by chemical kinetics. An RPlug reactor was
chosen for this section of the model, and the reaction scheme and kinetic parameters are those
proposed by Gerun et al [144] and include oxidation of the tar species, benzene, and
naphthalene, presented in 7able 2.8.

Table 2.8: Reaction and reference values for kinetic constants in the oxidation reactor.

Reaction Ks Ea (J/ kmol) a b
CcO +%02 — CO; 1.3x10'"'x [H20] *0.5 1.256x108 1 0.5
CHs4++150:— CO +2 H:0 4.4x10" 1.2552x108 0.5 1.25
CiHs+450. > 6 CO+3HO0 24x10" 1.2552x10® -0.1  1.85
CoHs+70.—>10CO+4H.0 9.2x10°xT 8x107 0.5 1
CO +H:0=CO:+H: 1389 1.256x107 1 1
CH: + H:0 — CO + 3 H: 1.65x10" 3.29x10® 1.7 -0.8

The reactor was modelled as isothermal. The size of the reactor was determined using the
ratio of air/volume from the work of Catalanotti et al [145]. Oxidation products exit the OXI
block and can be mixed with steam for steam-enhanced gasification before entering the
reduction zone, modelled with a second RPlug reactor (named RED). The hot flue gas and the
ash produced during the gasification process were then separated by passing the out stream of
the reactor via a cyclone separator. Subsequently, the heated gas has been directed to the PSA

separator, where the hydrogen (H:) is meticulously extracted from the residual gas.

The heterogeneous reactions in the reduction zone and their kinetic parameters were referred
to Catalanotti et al. [145] in Table 2.9.
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Table 2.9: Reaction and Kinetic parameters used in the reduction reactor

Reaction Frequency factor (s-1) CRF k (s-1) E (kJ/kmol)
C+C0O2 —-2CO 36.16 14.8 535 77,390
C+H20 — CO + H2 15,170 14.8 224,705 121,620
C+2H2 — CH4 0.004 14.8 0.062 19,210
f(T) = ap + alTFPYf +a,. (%)2 (2.26)
where:

ap, ai, and a, are polynomial coefficients, listed in Table 2.10, T,.r is the reference
temperature, an empirical parameter set at 500 °C by [146] and T,,, is the pyrolysis

temperature in 0°C, which can be controlled and adjusted in order to obtain different species

compositions in the pyrolysis zone.

Table 2.10: Polynomial coefficients [143].

Coefficients Char Tar Gas CO CO: H: vol % CH4
wt % wt % wt % vol % vol % vol %
a0 -15.03 -196.07 311.10 240.53 -206.86 234.97 -168.64
a 50.58 300.86 -351.45 -225.12 267.66 -257.01 214.47
a -18.09 103.34 121.43 67.50 -77.50 72.50 -62.51

2.5.2 Alkaline water electrolysis modelling

Aspen Plus was used to develop the model of an alkaline water electrolysis system, which
includes an alkaline electrolysis cell stack and the balance of plant, referred to [147]. Figure
2.3 shows the simulation diagram of the AWE that was studied. The core of the system is the
cell stack (STACK). Hydrogen is released from the cathode, and hydroxide anions pass
through the porous diaphragm, forming water and oxygen at the anode surface. The process of
water decomposition into hydrogen and oxygen is catalysed by an electrochemical reaction
(see Egq. (2.29) [148]. This reaction is made possible by supplying the cells with electricity

and heat. The following assumptions were made.

e All processes operate at steady state;
e All the gases in the system behave like ideal gases;

e 10% of the total heat produced by the stack is lost due to convection and radiation;
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e Liquid deionised H,O0 is fed to the system at 25 °C;
e The hydrogen and oxygen output are at 25 °C;

e The AWE stack is operated at balanced anode and cathode pressure.

Cathode : 2H,0 + 2e~ — H, + 20H" 2.27)
Anode : 20H ~ - H,0 + %oz + 2e” (2.28)
Overall: H,0 - Hz + 5 0 (2.29)

(02 —

I:E. H20 TRAP

3 _STACK !
) el
02
H2-Separator :"2 ig 4{ P 4 WATER-II:I &
PUMP-1 PUMP-3
PUMP-2
02-KOH g

HE
MIXER

H2-KOH-R 02-KOH-R

Figure 2.3: AWE flowsheet.

The hydrogen (H, —S) and oxygen (0, - S) produced in the cell stack are led with the
electrolyte (KOH, 35% wt) to the liquid-gas separation vessels ( H — SEPARATOR and
0, SEPARATOR respectively). The electrolyte is separated from the gas in these vessels and
returned to the stack by recirculation pumps (PUMP-1 for the cathode and PUMP-2 for the
anode). Both KOH recycles (H>-KOH-R and O,-KOH-R) were mixed and passed through a
heat exchanger (HE) to cool down the electrolyte before entering the stack (STACK-IN).

The purpose of the heat exchangers is to remove waste heat and maintain cell temperature.
The hydrogen and oxygen pass through water traps. These are called H> and O». The purpose
of the traps is to eliminate as much condensate water as possible. Finally, there is the feeding
of deionised water (WATER-IN) from a water tank into the oxygen separator (O:-
SEPARATOR) by (PUMP-3) to provide water to the electrolysis process (F-H>O). The gases
produced by the stack, hydrogen and oxygen, leave the stack immersed in a KOH electrolyte,

which the process later separates and recirculates back to the stack.
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2.5.2.1 Electrochemical model

The electrochemical model can predict how an alkaline water electrolysis stack behaves under
different conditions, like temperature (T) and pressure (P) [147]. The suggested math works
out the polarization curve, Faradaic efficiency, and gas purity as a function of the current. This
is based on the laws of physics related to electrolysis and statistics [149, 150]. The
polarization curve analyses the different overpotentials that occur during water electrolysis to
determine the cell potential (V) according to the current density. For the reaction to happen,
a minimum voltage is required, which is called the reversible voltage (V,,,). This is 1.23 V at
standard conditions (1 bar and 25 °C) [145, 149, 150]. However, the cell voltage (V) 1s
always higher than the theoretical value due to the appearance of a series of overpotentials
caused by kinetic and resistive effects [145, 147]. The real cell voltage is therefore defined as
the sum of the reversible voltage (V,.,) and the overpotentials (1), as shown in Eq. (2.30) [91,
145].

Vcell = Vrev + Z No (230)

The term ). 1, is the sum of activation, ohmic, and concentration overpotentials.

The polarization curve can be determined using a semi-empirical model that includes
additional parameters and new empirical relationships for modelling temperature (T), pressure
(P), and current density (i) in Eq. (2.37) [147, 151].

Veatl = View + [(r1 +d1) + (X T) + (dp x p)li+s xlog [ (4 +2+3)i+1]  (231)

T, P, and 1 are the operating temperature, pressure, and current density of the electrolyser,
respectively. Following the model proposed by Sénchez, the parameters t and r are depicted as
a function of the temperature, with an additional parameter d incorporated to quantify the
influence of pressure. The present study used the above semi-empirical model to describe the

electrochemical characteristics of an alkaline electrolyser.

Faraday's efficiency can be modelled in a similar way to the polarization curve. To do this, an
empirical expression for a given temperature is used, with four parameters for this purpose, as
in the Eq. (2.32) [144, 148].

i2
Mr = (f11+f12+T+iZ) X (f21 +f22 + T) (2.32)

At last, a model for the diffusion of hydrogen to oxygen (HTO) has been proposed in Egq.
(2.33), based on [147].

HTO = [Cy + (C; X T) 4 (C3 X T?) + (C4 + (C5 X T) + (Cg X T2)) X
2
exp (C7+(C8XT?+(C9XT ))] + [E1 + (EZ % p) + (E3 X pZ) + (E4 + (ES x p) + (E6 %

1
2
Ey+(EgXp) +(Eoxp ))] (2.33)

1

p?) X exp (
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Where:

T and P are the operating temperature and pressure of the electrolyser, C and E represent the

influence of temperature and pressure, respectively.

All coefficients and parameters used for the model in this study have been sourced from [147]
shown in Table 2.11.

Table 2.11 coefficients used in the electrochemical model of an alkaline water electrolysis cell

Model Coeffi Value Unit Model Coeff value Unit
cients icient
Polari rl 445153 x 107° W m? Gas Cs -0.08483 —
zation urit
curve 12 6.88874x 107 wmzect PUY ¢ 000179 °C!
d1 -3.12996x 107° W m? Cs -1.1339 x 10~° °C2
d2 4.47137x 1077 W m? bar~! Cs 1481.45 Am?
s 0.33824 Y Cs -23.60345 A
m2°C!
tl -0.01539 m2 A1 Co -0.25774 A
m2°C>2
2 2.00181 m?2°C A~! E: 3.71417 -
t3 15.24178 m?2 °C2 A1 E: -0.93063 bar!
Farad fl11 478645.74 A2 m™* Es 0.05817 bar2
ay
officie  f12 -2953.15 A2 m*eoct Es -3.72068 -
ncy
21 1.0396 Es 0.93219 bar!
22 -0.00104 oc1 Es -0.05826 bar2
Gas C 0.09901 — E- -18.38215 Am>
purity
C2 -0.00207 °oC! Es 5.87316 Am?
bar!
Cs 1.31064x 107> °C2 Eo -0.46425 Am?
bar2
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The operating parameters in the AWE model are shown in Table 2.12.

Table 2.12: Operating parameters for the AWE

Parameter Value Unit
Stack operating temperature, Tggack 80 °C

Stack operating pressure, Pggack 5 bar
Electrolyte concentration 35 wt% KOH
Active electrode area, Accen 0.4 m?

Cell number, N 298 cells

Input power stack, Wggack 549.82 kW

2.5.2.2 Mass balances

According to Faraday's law, the hydrogen production rate in an electrolyser cell is directly
proportional to the electron transfer rate at the electrodes, which is equal to the electrical
current in the external circuit. The total hydrogen production rate for an electrolyser,

consisting of multiple cells connected in series, is given as follows Eq. (2.34) [149], [152].

. I

Ny, prod = NF X ZxF X N (234)
Where:

N is the number of cells, z is the number of electrons (two for water electrolysis), ny is the

Faraday efficiency, I is the supplied current, and F is the Faraday constant.

Stoichiometric calculations (see Eq. 2.29) were used to determine the rates of water
consumption and oxygen production, expressed in Eq. (2.35). The mass balance is very
important, and it considers the amount of hydrogen that is diffused across the diaphragms.
However, the diffusion of oxygen to hydrogen (OTH) has been regarded as negligible, given
that the rate is approximately 0.1-0.5% [147].

Ny, prod = NH,0 = 21, (2.35)
2.5.2.3 System efficiency

To evaluate the overall performance of the system, it is necessary to calculate the energy
efficiency. Energy efficiency is defined as the ratio of the energy contained in the useful

products of a process to the energy contained in all input streams. Accordingly, the energy
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efficiency for hydrogen production from an electrolysis system is formulated as follows, Eq.
(2.36) [147].

g LHV,
Neys = % x 100 (2.36)
Where:

LHVy, is the hydrogen lower heating value, ny, is the outlet flow rate of hydrogen in the
electrolysis plant; Wi is the electric power input to the AWE system, which is calculated as

follows Eq. (2.37) for the entire alkaline electrolysis system displayed in Figure 2.3.
Whet = Wstack + Wpump—1 + Wpump—2 + Wpymp—3 + Wy (2.37)

where Wpymp—1, Wpump—2,Wpump—3, Whg denote the power input to the pumps of the system
and the heat exchanger consumption, respectively. W, 1s the electric power input for the
stack operation and can be determined according to Eq. (2.38), where N is the number of cells
of the stack.

Wstack = Vcell XN X1iXx Acell (238)
Where:
A_qy1 1s the activated area of the cell.

In conclusion, With the methodology established and all necessary procedures completed, the
following section presents and discusses the key findings obtained from the experimental and

analytical approaches outlined above.
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Chapter 3: Results and Discussion

This section presents the main findings derived from the theoretical model of the conceptual
framework and simulation methods described previously. The results are analysed and
discussed in relation to the objectives of the study, existing literature, and theoretical

expectations to draw meaningful interpretations and insights.
3.1 Results

3.1.1 Conceptual Framework for Land Restoration
3.1.1.1 Plant distribution

Table 3.1 summarizes the distribution of sunflowers, mustard, and bamboo under photovoltaic
(PV) panels and in open fields. Sunflower had a total density of 33,082 plants/ha covering
4,896.37 m?. Moreover, Mustard had the highest density at 72,836 plants/ha, spanning
4,896.37 m?. By contrast, Bamboo, only present in open fields, had a density of 204 plants
occupying 204.92 m?. Overall, the total planted area across treatments was 9,997.67 m?.

Table 3.1: Distribution of plants in the study area

Plants Number of plants Number of plants in Total Area (m?)
under PV the open fields plants/ha
Sunflower 16958 16124 33082 4896.37
Mustard 37252 35584 72836 4896.37
Bamboo 0 204 204 204.92
Total area 9997.67

3.1.1.2 Plant metal concentration

The accumulation of heavy metals in plant roots and aerial parts is summarized in Figure 3.1.
For sunflower, copper (Cu) showed the highest accumulation, with roots reaching
2026.94 mg/kg and aerial parts 309.01 mg/kg. Zinc (Zn) also accumulated notably in roots
(32.28 mg/kg) and aerial parts (40.88 mg/kg). Other metals, including lead (Pb), nickel (Ni),

arsenic (As), cadmium (Cd), chromium (Cr), and cobalt (Co), exhibited lower concentrations.

In mustard, copper was also the most accumulated metal, with root concentrations of
9934.19 mg/kg and aerial parts 5405.66 mg/kg. Zinc (1663.77 mg/kg) and lead (654.45 mg/kg)

also showed significant accumulation.
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Bamboo demonstrated exceptional metal accumulation capacity, especially for copper (roots:
58790.45 mg/kg, aerial parts: 17287.53 mg/kg), with similarly high values for zinc and lead,

highlighting bamboo’s potential for heavy metal remediation.
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Figure 3.1: Concentrations of heavy metals in the roots and aerial parts of sunflower (a),

mustard (b), and bamboo (c) plants
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3.1.1.3 Translocation factor

The translocation factor (TF), which reflects the ability of plants to transport metals from
roots to aerial parts, varied across species and metals (Figure 3.2). In sunflower, cadmium had
the highest TF (1.6), followed by zinc (1.27), cobalt (1.08), arsenic (1.02), and chromium
(1.02). These values above 1 indicate efficient translocation to shoots. In contrast, copper
(0.15), lead (0.72), and nickel (0.32) had TFs below 1, indicating retention in the roots.

Mustard exhibited moderate TF values for arsenic (0.91) and chromium (0.73), while lead,

cadmium, and copper had TFs consistently below 1, suggesting less efficient translocation.

For bamboo, TF values were generally lower, with the highest observed for cadmium (0.73)
and chromium (0.61), while copper and lead had even lower TFs. Overall, bamboo retained

most metals in its roots, limiting translocation to above-ground parts.

The comparative TF analysis highlights that sunflower is the most effective at transporting
certain metals (Cd, Zn, Cr, Co, As) to aerial parts (TF>1), making it suitable for
phytoextraction. In contrast, mustard and bamboo showed lower TFs, making them more
suited for phytostabilisation.

Bamboo
1.8 Mustard
. sunflower
1.6 - —
1.4 -
1.2 - ]
I"_' 1.0 - ] ]
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0.6 - ]
0.4 -
0.0 T T T T T T T T
Cu zZn Pb Ni As Cd Cr Co
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Figure 3.2: Comparative Translocation Factor (TF) of Heavy Metals in Sunflower, Mustard,

and Bamboo for Evaluating Phytoremediation Potential
3.1.1.4 Bioaccumulation factor

In sunflower, BAF values exceeded 1 for zinc (1.11) and lead (1.00), indicating effective
uptake, while other metals (e.g., Cu at 0.19, As at 0.14) had BAFs below 1. Mustard exhibited
BAF values above 1 for copper (1.25), lead (1.24), and cadmium (1.14), while arsenic (0.09)
and chromium (0.51) had BAFs below 1. Bamboo displayed exceptionally high BAFs for zinc
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(35.91), lead (36.09), copper (6.21), chromium (6.04), and cadmium (4.59), underscoring the

remarkable capacity of bamboo to absorb heavy metals from contaminated soils.
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Figure 3.3: BAF of Heavy Metals in Sunflower, Mustard, and Bamboo for Evaluating

3.1.1.5 Total metal uptake (Mur)

Phytoremediation Potential

The remediation factor (RF%) and total metal uptake (Mur) varied significantly among the
plants (7able 3.2). The variation of the RF is shown in Figure 3.4.

Table 3.2: Total metal uptake of the plants

Sunflower Mustard Bamboo
metals Mur(mg) Mur(mg) Mur(mg)
Cu 1380958.615 1220085.24 4950850.514
Cd 341.0206772 54.48294379 179.166202
Cr 6302.757125 581.6372915 5590.924321
Pb 11972.77579 1999.805741 47382.26141
As 532.066851 47.68838378
Zn 43252.2295 154433.0585
Ni 6215.538307
Co 52534.4478
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Figure 3.4: Remediation factor of the different plants studied

In sunflowers, the highest RFs were recorded for zinc (21.96%), cadmium (19.07%), and lead
(19.92%). Copper and arsenic had lower RFs (3.78% and 2.88%, respectively). The total
uptake for copper (1,380,958.615 mg) and zinc (43,252.23 mg) was notably high. For mustard,
the RF for zinc was also highest (21.96%), with moderate RFs for cadmium (3.05%), lead
(3.33%), and copper (3.35%). Arsenic had a very low RF (0.26%). The total uptake of copper
(1,220,085.24 mg) was significant. Bamboo demonstrated the highest overall RF values, with
lead (78.83%) and zinc (78.42%) showing exceptional removal, followed by copper (13.58%)
and chromium (13.18%). Total uptake was greatest for copper (4,950,850.51 mg) and zinc
(154,433.06 mg).

3.1.1.6 Removal efficiency (RE)

The removal efficiency (RE%) over one growing season showed substantial decreases in soil

metal concentrations (7able 3.3):
e Copper decreased from 12,233.33 mg/kg to 9,699.14 mg/kg (20.72% RE).

o Nickel and chromium had final concentrations of 17.74 mg/kg and 10.04 mg/kg, with
REs of 10.52% and 29.42%, respectively.

e Cadmium showed a moderate RE of 32.14%.
e Arsenic (3.13%) and cobalt (5.29%) had minimal removal.

o Notably, zinc and lead had negative final concentrations (-0.26 mg/kg and -0.42 mg/kg,
respectively), indicating that these metals were completely remediated before the end
of the season (RE > 100%).
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Table 3.3: Initial and final metal contamination levels in soil, along with removal efficiency

Metals C soil Cf RE (%) for one season
Cu 12233.33 9699.137 20.71548
Zn 66.08 -0.25734 100.3894
Pb 20.17 -0.41887 102.0767
Ni 19.83 17.74425 10.51816
As 6.21 6.015451 3.13283
Cd 0.6 0.407158 32.14037
Cr 14.23 10.04365 29.41917
Co 333.5 315.871 5.28606

12000 - — = CI (limit)
s C soil (initial)
s Cf (final)
10000 -
8000 -
—5,6000 -
)
£ 4000 1
E 2000 H
é " S e miSepe=Es EEme = — /’
=] 26— -
i I l I_\_- I ------ . I
i =

Cu Zn Pb N As ¢Cd Cr Co
Metals

Figure 3.5: Initial and final metal concentration in soil

The initial and final concentration of metal in soil after one season are presented in Figure 3.5.
where the zinc and lead exhibited negative changes in concentration, whereas Cobalt and
arsenic showed no notable difference between their initial and final levels. The horizontal
dashed line for each metal represents the regulatory or accepted limit of that metal in soil,

allowing comparison with measured concentrations (C soil and Cf).
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3.1.1.7 Phytoremediation time
The estimated remediation times for each metal are summarised in 7able 3.4.

Theoretical removal time was calculated both with and without considering acceptable soil
limits (see Table 2.2). Only copper and cobalt required additional time to reach safe
concentrations, as all other metals were already within acceptable limits.

Table 3.4: Time for the complete remediation of the soil

Metals Time without considering Time that considers the
the acceptable limit acceptable limit

Cu 2.413654 1.909708

Zn 0.49806 -

Pb 0.489828 -

Ni 4.753683 -

As 15.96001 -

Cd 1.555676 -

Cr 1.699572 -

Co 9.458841 8.731942

3.1.2 Implementation of a Solar-Powered Pumping and Water Storage System
3.1.2.1 Structure

The system comprises a total of 1,470 photovoltaic panels, which collectively generate
2,513.7 kWh of energy.

3.1.2.2 Water and energy required

The overall daily irrigation volume (Vy )was calculated as 49.59 m*/day. The corresponding
total daily water demand (Dpy, ) for both irrigation and green hydrogen production was
51.19 m?/day. The required flow rate (Q) for this operation was determined to be 8.98 m*/h.

The pumping power (P) required to meet this demand was estimated at 1.224 kW. The daily
hydraulic energy required (E}, ) for the pumping system was 4.883 kWh/day. In contrast, the
remaining energy for green hydrogen production (E,) was found to be 2,508.817 kWh/day.
The summary is given in 7able 3.5.
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Table 3.5: Water and energy requirements for both irrigation and green hydrogen production

Vp(m¥day) Dpy (m¥day)  Q (m¥h) P (kW) Ep (kWhiday)  E, (kWh/d)

49.594 51.194 8.981 1.224 4.883 2508.81694

3.1.3 Biomass produced

The integration of Agri-PV systems with agroforestry practices in the mining area led to
notable biomass yields across three plant species. The harvested dry biomass masses were
present in (Table 3.6).

The total dry biomass yield obtained was 735.79 kg. These results demonstrate the effective
establishment of the integrated agroforestry-Agri-PV system in the mining-impacted
landscape, providing a significant biomass output despite the challenging environmental

conditions.
Table 3.6: Total dry biomass yield from plants
Sunflower Mustard Bamboo Total
Dry biomass (kg) 591.18 79.54 65.08 735.79

3.1.4 Hydrogen production through Aspen Plus software
3.1.4.1 Gasification

The simulation yielded hydrogen production rates of 0.0353 kg/h, 0.0371kg/h, and
0.3397 kg/h for bamboo, mustard, and sunflower biomass, respectively. Based on site-specific
solar irradiation data, the system operates for 5.7 hours per day, and biomass availability from
seasonal harvests allows for a 4-month production period annually. This results in estimated
hydrogen yields of 24.35 kg/year, 25.62 kg/year, and 234.31 kg/year, with a total of
284.27kg/year.

3.1.4.1.1 Model validation of the gasification
3.1.4.1.1.1 Mosso Bamboo:

The gasification model for Moso bamboo was validated against experimental results reported
by [153], who studied air—steam gasification in a downdraft reactor using bamboo feedstock
with varying steam-to-biomass ratios (SBRs) from 0.1 to 0.4 and ER, 0.4. Due to differences
in bamboo species, the composition used in this work (Moso bamboo) does not exactly match
the feedstock in the referenced study. Nevertheless, the comparison remains valuable because
Moso bamboo is scarcely represented in gasification literature, and this study addresses that

gap. The proximate analysis and the ultimate analysis used for the model [154], and
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experiment [153] are presented in 7able 3.8 , respectively. The LHV in the table for the model
is determined from the HHV using Eq. (3./and 3.2) from [155].

HHV}jomass = 0.3419C + 1.1783H + 0.1005S — 0.10340 — 0.015N — 0.0211 Ash  (3.1)

S (3.2)
A comparison was performed at SBR = 0.35 and ER=0.4 with the modelled syngas
composition compared to experimental results. The data are summarized in Figure 3.6. The
model significantly overpredicts hydrogen (H-), giving a mole fraction of 0.4337 compared to
the experimental value of 0.37, while it underpredicts CO: (model: 0.0808 vs. experimental:
0.23.5), CO (0.0307 vs. 0.095), and CHa (2.1x107"" vs. 0.015).

LHV}jomass = HHV — hfg X

Bamboo
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Figure 3.6: model validation against experiment
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The model includes a comprehensive set of gasification reactions, including devolatilization,
char gasification, and tar cracking, as well as volatile-phase reactions such as partial oxidation,
steam reforming, methanation, and water—gas shift, all implemented with their respective
kinetic parameters. Despite this, discrepancies remain, likely due to uncertainties in kinetic
parameters, variability in tar composition, or differences in the physical structure and
reactivity of Moso bamboo compared to the experimental feedstock. The overprediction of H
may result from an overestimation of tar and char reforming rates, which favor hydrogen
production, while the underprediction of CO, CO., and CHa4 could indicate that further
calibration of volatile-phase reactions is needed.

Despite these quantitative differences, the model captures the qualitative gasification trends,
correctly predicting H> as the dominant product. These results suggest that while the key
kinetic pathways are represented, model accuracy could be improved through feedstock-
specific kinetic calibration, particularly for tar chemistry and devolatilization behaviour. This

would allow for a more precise representation of the gasification characteristics of Moso
bamboo.
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Table 3.8: Characterisation of Bamboo for experiment and model

Proximate analysis (wt.%) Ultimate analysis (wt.%)
Bamboo Moso Bamboo Bamboo Mosso bamboo

Lower heating value (MJ/kg) 16.52 18.5 C 43.09 49

Moisture 6.82 7 H 5.94 6

Volatile matter 75.00 81 N 1.11 0.3

Fixed carbon? 16.08 11.8 08 49.86 44.5

Ash 2.10 0.2

3.1.4.1.1.2 Mustard and Sunflower:

The model was applied to mustard biomass and validated using experimental data from [153],
whose feedstock shares similar characteristics and LHV. For mustard, the model overpredicts
H: and underpredicts CO, CO:, and CHa (see Figure 3.7a), consistent with the trend observed
in the Moso bamboo case. To further evaluate the model, simulations were also performed
using sunflower biomass, validated against experimental data from a study that included char
cracking [156]. In that case, the predicted Ha closely matched the experimental value, but CO,
CO2, and CHa: remained underpredicted (Figure 3.7b). Since the model incorporates a
comprehensive kinetic framework, including devolatilization, tar and char reactions, and
volatile-phase chemistry, these discrepancies are likely related to feedstock-specific
differences in tar behaviour and volatile composition. Overall, the model reliably captures
major trends in syngas composition across different biomasses.

Mustard Sunflower
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Figure 3.7: Model validation of mustard(a). and sunflower(b) with experimental data
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The operating parameters used for all the models are shown in Table 3.7

Table 3.7: Block unit pressure and temperature

Block and Temperature (°C) Pressure (bar)
stream
Bamboo Mustard Sunflower
feed 25 25 25 1.013
Air-steam 150 150 150 1.013
RStoic 150 150 150 1.013
RYield 500 500 500 1.013
RGibbs 700 700 700 1.013
RPlug Oxi 938 938 750 1.013
RPlug Red 564 564 750 1.013

3.1.4.1.2 Sensitivity analysis
3.1.4.1.2.1 Bamboo:
3.1.4.1.2.1.1 Temperature Sensitivity Analysis for Moso Bamboo

Figure 3.8 presents the sensitivity analysis of Moso bamboo gasification to temperature
variation (700-1000 °C). The model reveals that as the temperature increases, the mole
fractions of Hz and CO: increase, while those of CO and CHa decrease, with CHa reaching
extremely low levels. These trends are consistent with the thermodynamic and kinetic

behaviour of key gasification reactions.
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Figure 3.8: Variation of temperature from 700 to 1000 with a fixed SBR=0.35 and ER=0.4
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The increase in H: is attributed to enhanced rates of steam reforming and water-gas shift
(WGS) reactions at elevated temperatures, both of which are endothermic. CO: rises due to
the forward shift of the WGS reaction, converting CO and H2O into H> and CO.. The decline
in CO results from its consumption via both WGS and reforming pathways. CHa diminishes
sharply due to thermal cracking and reforming of methane, which are strongly favoured at

high temperatures.

These model-based findings align with recent experimental findings from [153] and [157]
who report similar trends, where H> and CO: increased steadily with temperature, while CO
and CHa4 decreased due to intensified reforming and tar cracking. Unlike the model, [158]
reported an increase in CO and a decrease in CO. with temperature. This is attributed to the
dominance of the Boudouard reaction at lower temperatures and less WGS activity due to
limited steam reforming, and it uses a dual-bed setup (pyrolysis + gasification), changing gas
residence time and potentially reducing CO: formation via WGS. Like Alipour Moghadam et
al. [158], Ngamchompoo & Triratanasirichai. [159] reported the same trends.

3.1.4.2 Alkaline Water Electrolysis

The result of the alkaline electrolysis model is presented in this section. As shown in Figure
2.3, which illustrates the flow diagram under base case operating conditions (7able 2.12), the

detailed composition of the result is provided in Table 3.9, and Table 3.10

Table 3.9: Stream result of H> and O produced and out

Temperature Pressure Composition (kg/hr)
) (bar) H;0 H; 0:
H: 25 1 3.386 11.488 0
H»-P 81.857 4.7 6.544 11.488 0
)} 25 1 1.695 0 90.821
0O:-P 81.86 4.7 3.309 0 90.821

Table 3.10: Result obtained at temperature 80 °C, and pressure Sbar

HTO Mass balance (mol/s) LHV HHV Ny, out W et Nsys

(%) (kl/kmol)  (kJ/kmol)  (kmol/hr) (kW) (%)

N, prod Mo,  MH,0

1.02 1422 071 142 2338473 278917.4 5.699 646.985 57.22
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3.1.4.2.1 Model validation

The electrochemical response of the model was validated by comparing simulated
polarization curves (V?;ﬁ’ldd) against those experimentally obtained for the electrolysis cell
(VIS ). The model characterized a cell stack composed of 298 cells of 4000cm?surface area

2 at a temperature of 80°C and a pressure of 5 bars. The

and current density 0.25A.cm™
experiment used for the validation has been characterized at different operating conditions
into a fully automated test bench developed by Centro Nacional del Hidrogeno (CNH2) [147],
which has been designed to be able to operate in a wide range of temperatures (40-80 °C) and
pressures (1-10 bar). The root-mean-square (RMS,,,,-) was calculated according to Eq. (3.3)

[151] to ensure the accuracy and validity of the proposed model.

2
b V?;OdEI—VE?t
RMS pggr = 200 Veil). (3.3)
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Figure 3.9: Scatter chart of the experimental and model results: a) Cell potential; b) Gas purity;
c¢) Faraday efficiency

Figure 3.9 shows a scatter chart of the model and experimental results used in this paper. The

results show a good correlation between experimental and modelled data. The RMS error is
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approximately 66.5 mV (Figure 3.9a) per cell and 5.7% (Figure 3.9c) for the Faraday
efficiency and 0.0028% (Figure 3.9b) for HTO. This shows the value of the model in

anticipating the reaction of the electrolyser in different testing situations.
3.1.4.2.2 Sensitivity analysis of AWE
3.1.4.2.2.1 Influence of the temperature and current density

Cell voltage is a key performance indicator for an AWE system. Several operating parameters
influence it, including temperature, pressure, and current densities. The cell voltage of the
alkaline electrolyser was analysed over a temperature range of 40-80°C, under constant
pressure, and across a current density range of 1000 to 4500 A/m?. The polarization curves of
the alkaline electrolysis stack are shown in Figure 3.10a at various temperatures and current
densities. According to the model, as the temperature increases from 40°C to 80°C, the cell
voltage progressively decreases. In contrast, the cell voltage increases with rising current
density. Overall, the results confirm that increasing temperature leads to improved
electrochemical performance. Therefore, the stack power required in the electrolysis decreases

when the temperature is higher (Figure 3.10b).

As illustrated in Figure 3.10c, the hydrogen content in oxygen (HTO) is displayed as a
function of temperature and current density. The hydrogen content in oxygen rises as the
temperature rises. This behaviour is attributed to the fact that higher temperatures reduce
resistance. However, they also lead to greater parasitic current losses and lower Faraday
efficiencies [147]. The results show that higher temperatures have a big effect on impurity
levels. This is because increased diffusion and gas migration result in greater hydrogen
crossover. Additionally, as shown in Figure 3.10c, gas purity decreases considerably at low
current densities. This occurs because the aforementioned diffusion and migration processes
are largely independent of the electrolyser load, meaning that when the gas production rate is

low, the relative proportion of impurities becomes higher [156].

In this study, we observed that the hydrogen content in oxygen (HTO) increased at high
temperatures and that gas purity decreased significantly at low current densities. These results
are consistent with those reported by [147], who also found that increasing temperature led to
higher hydrogen crossover due to enhanced diffusion rates. Similarly, Ren et al. [150]
observed a decline in gas purity at low current densities under comparable operating
conditions. The observed consistency across studies reinforces the critical role of temperature
and current density in maintaining both efficiency and gas purity. In this work, an efficiency
of 57.257% was achieved at 80 °C and 5 bar, which is in close agreement with the results
reported by [147], who predicted similar efficiency values under comparable operating
conditions. This alignment validates the reliability of this model and supports the notion that
elevated temperatures enhance electrochemical performance by reducing ohmic resistance and

activation losses. However, as noted by [149], operating at high temperatures can also
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increase hydrogen crossover due to enhanced diffusion and parasitic current losses, thus
compromising gas purity. This trade-off between efficiency and purity highlights the
importance of carefully optimizing operational parameters. In this study, high temperature
(80 °C), low pressure (5 bar), and low current density (2500A/m?) were selected to optimize
efficiency. The results demonstrate that although higher temperatures significantly enhance
efficiency, they also promote diffusion-driven impurity transport, especially under low current
density conditions where gas production rates are insufficient to dilute contaminants
effectively. This finding is consistent with observations by [147], further confirming that gas
purity is more sensitive to current density than efficiency. Therefore, optimizing electrolyser
operation requires a careful balance, leveraging higher temperatures to boost performance

while maintaining current densities sufficient to mitigate impurity concentration.

Ultimately, this work contributes to the growing understanding that temperature, pressure, and
current density must be co-optimized rather than adjusted independently. The results from the
current model underscore the importance of system-level design strategies that integrate
membrane durability, gas separation requirements, and energy efficiency goals. As noted by
[160], achieving this balance is particularly critical in industrial applications, where both

high-purity hydrogen and long-term system stability are essential for safe and cost-effective

operatlon.
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Figure 3.10: sensitivity analysis of AWE based on cell potential(a), power stack(b), and
HTO(c).

3.2 Discussion

This study examined the phytoremediation potential of an integrated agroforestry and
agrivoltaics system applied to a copper tailings dump in Zambia, using a combination of
sunflower (Helianthus annuus), mustard (Brassica juncea), and Moso bamboo (Phyllostachys
edulis). These species are known hyperaccumulators, which is particularly very relevant
because, while phytoremediation is generally a slow process, some studies indicate that
remediation using hyperaccumulator plants typically takes between 2 to 60 years, whereas

non-hyperaccumulator species may require 25 to 2800 years [161]. Remarkably, results from
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this study indicate that nearly all monitored heavy metals, except copper (Cu) and cobalt (Co),
were reduced to acceptable environmental levels within a single growing season. Furthermore,
Cu and Co are projected to reach acceptable thresholds within 2 years (4 seasons) and 9 years
(18 seasons), respectively. These timelines are significantly shorter than those reported in
many comparable studies, which often estimate remediation periods spanning several decades
[162, 163], particularly for persistent metals. This enhanced efficiency can be attributed to the
strategic combination of plant species and the complementary benefits of agroforestry and
agrivoltaics, which together created a synergistic environment for accelerated metal uptake

and soil recovery.
3.2.1 Factors Contributing to Accelerated Remediation
3.2.1.1 Species Selection and Functional Complementarity

The results of this study confirm the well-documented role of sunflower (Helianthus annuus)
as an effective phytoremediator, particularly for zinc, cadmium, and lead, for which it
demonstrated the highest removal efficiencies. Despite lower RF values for copper and
arsenic, the total uptake for copper was substantial, reflecting the contribution of the high
biomass of sunflower and deep root system to its phytoextraction performance. As a fast-
growing species with a short life cycle, sunflower allows for multiple harvests per year,
enhancing their annual accumulation potential and making them especially suitable for rapid
remediation strategies. This observation is consistent with insights discussed by [110] who
noted, based on previous literature, that metal accumulation in sunflowers tends to peak
around four weeks after planting, and that early harvesting followed by replanting could
improve overall phytoremediation efficiency. These characteristics, combined with their broad
environmental tolerance and ease of management, support the suitability of sunflowers in

integrated remediation systems targeting a range of heavy metals.

The performance of Indian mustard (Brassica juncea) in this study reinforces its reputation as
a valuable species for phytoremediation, particularly in multi-species systems on degraded or
post-mining soils. While its removal efficiency (RE) values for most metals were moderate,
its substantial total copper uptake reflects the advantage of combining moderate metal
accumulation capacity with high biomass productivity. As a member of the Brassicaceae
family, mustard is known for its rapid growth, tolerance to poor soil fertility, and adaptability
to harsh environmental conditions, making it well-suited for sites such as copper tailings
dumps. These findings align with the works of [164], who emphasize that the biomass yield
and stress tolerance of Indian mustard significantly enhance its performance in contaminated
environments where vegetation establishment is often limited. Its ability to uptake lead and
cadmium complements other species in mixed planting systems, supporting more complete

remediation across a broader range of contaminants. In the current study, the contribution of
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mustard was not only in metal removal but also in improving plant cover and soil resilience,

key goals in sustainable Phyto-management of industrially impacted landscapes.

In this study, Moso bamboo (Phyllostachys pubescens) confirms its potential for use in
phytoremediation, particularly for lead and zinc, which showed notably high removal
efficiencies. While copper and chromium had lower RE values, the substantial total uptake of
copper highlights the capacity of species to accumulate metals over time, a feature closely tied
to its large biomass production. These outcomes align with existing literature that emphasizes
the suitability of Moso bamboo for remediating copper-contaminated soils, especially in post-
mining or degraded landscapes. As discussed by [138], its extensive root system, stress
tolerance, and ability to enhance soil health make it well-suited for long-term phytoextraction
and phytostabilisation strategies. The selective uptake observed in this study further suggests
that Moso bamboo may be particularly effective when it is used in combination with other
species to target a wider range of contaminants. The effectiveness of Moso bamboo in
phytoremediation can be further enhanced when integrated into an intercropping system, as
demonstrated in this study through its combination with Helianthus annuus and Brassica
juncea. Intercropping enabled the complementary use of root architectures, with the deep
roots of bamboo and the shallow roots of sunflower and mustard, allowing for more
comprehensive exploitation of the soil profile. This configuration likely contributed to the
observed improvements in metal uptake and soil condition. Comparable findings have been
reported in other studies [165], where Moso bamboo intercropped with Sedum not only
improved heavy metal (HM) extraction but also enhanced plant growth due to shade benefits,
improved light use efficiency, and nutrient sharing across the root zones. In that study, the
intercropped system led to reduced levels of soil organic matter (SOM), available potassium
(AK), and available phosphorus (AP) in the rhizosphere, indicating more effective nutrient
absorption [165]. These observations are consistent with [166], who reported that
intercropping systems combining deep-rooted and shallow-rooted species resulted in more
efficient nutrient utilization, improved soil structure, and reduced nutrient leaching. These
synergistic interactions observed in this agroforestry-based intercropping approach may help

explain the accelerated remediation performance seen in this study.
3.2.1.2 Agroforestry System Enhancements

This study demonstrates that agroforestry-based phytoremediation, combining deep-rooted
perennials like Moso bamboo with fast-growing hyperaccumulators such as sunflower and
mustard, can significantly enhance the restoration of post-mining landscapes. This functional
diversity enables both rapid heavy metal removal and long-term ecosystem recovery,
providing an advantage over conventional monoculture approaches commonly used in

phytoremediation.
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One of the most prominent benefits of agroforestry observed in this study was accelerated soil
rehabilitation, which aligns with multiple findings in the literature. Trees such as bamboo act
as nutrient pumps, recycling leached minerals back to the surface through litterfall and root
turnover, thus enhancing nutrient cycling and preventing long-term soil nutrient loss [167],
[168]. The bamboo litter, rich in N, P, K, Ca, and Mg, functions as a slow-release fertilizer
that improves soil organic matter (SOM), structure, and fertility [115]. This organic matter
improves water-holding capacity, reduces evapotranspiration, and supports stable soil
aggregation, factors that were reflected in the improved pH, moisture, and cation exchange

capacity (CEC) seen in agroforestry plots compared to monocultures.

These findings echo broader research that agroforestry enhances soil stability through
increased ground cover, mulching effects, and physical root structures that reduce runoff,
prevent erosion, and buffer against harsh microclimates [56]. Bamboo, in particular,
contributes to these processes not only through its dense root system, which enhances aeration
and porosity, but also through its litter, which acts as a mulch layer that reduces soil

temperature and evaporation losses [165, 169].

In addition to soil improvement, agroforestry supports ecological resilience and biodiversity
conservation. The structural diversity created by combining woody and herbaceous species
provides habitats and movement corridors for a variety of animal species, aiding both local
biodiversity recovery and broader landscape connectivity [167]. This contributes to
conservation outcomes while simultaneously delivering productive land use. The inclusion of
nitrogen-fixing or high-organic-matter species further supports ecosystem functions by
boosting biological nitrogen fixation, stimulating microbial activity, and improving enzyme

dynamics in the rhizosphere [168].

Microbial community shifts associated with bamboo agroforestry also enhance soil
functionality. Although microbial diversity in the bamboo rhizosphere may decline compared
to natural forests, diversity in the surrounding bulk soil tends to increase, creating a more
heterogeneous and functionally diverse microbial environment. These microbial communities
play a central role in nutrient mineralization and metal transformation processes, further

contributing to the observed remediation efficiency [169].

The success of this system in shortening remediation time reflects the combined benefits of
high biomass production, root depth complementarity, efficient nutrient cycling, and
improved microclimate conditions. These findings align with research indicating that
agroforestry systems, especially those incorporating bamboo, outperform monocultures in
degraded soils by offering sustained productivity, enhanced ecological services, and long-term
land rehabilitation [165, 169, 170].
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3.2.1.3 Agri-PV System Contributions

The Agri-PV system plays a key role in restoring post-mining landscapes by improving
microclimatic conditions, conserving soil moisture, and supporting vegetation recovery.
Shading from solar panels reduced surface temperatures and evapotranspiration, creating
cooler, more stable environments that benefited both crops and animals. These shaded areas
provided shelter for small wildlife and insects, helping reestablish habitat complexity in
degraded areas, consistent with findings by [137].

By powering irrigation pumps with solar energy, the system ensured a reliable water supply
without external energy inputs. This not only supported plant growth but also decreased
reliance on fossil fuels. Notably, excess electricity was used for green hydrogen production,
adding a clean energy output to the ecological benefits. Overall, the Agri-PV setup promotes
rapid ecosystem recovery, supports local biodiversity, and demonstrates how renewable
energy can be integrated into land rehabilitation strategies for environmental and climate

advantages.
3.2.2 Phytoremediation biomass for hydrogen production

The production of hydrogen from biomass harvested in the phytoremediation system
demonstrates a tangible valorisation pathway that links ecological restoration with renewable
energy generation. In this study, Indian mustard, sunflower, and bamboo not only accelerated
contaminant removal but also generated substantial biomass that was converted into hydrogen.
This addresses a central challenge in phytoremediation, the disposal of contaminated biomass.
Instead of creating secondary pollution risks, the harvested material became a resource for
clean energy production. These results are supported by [171], who showed that biomass from
hyperaccumulator plants can be converted into hydrogen while simultaneously stabilizing
heavy metals in residual biochar, highlighting the feasibility of coupling remediation with

energy recovery.

The link between phytoremediation outcomes and hydrogen production lies in the biomass-
metal interaction. Improved soil fertility and vegetation cover through agroforestry and
phytoremediation enhanced biomass accumulation, increasing the available feedstock for
hydrogen generation. Meanwhile, the conversion process immobilized the extracted metals,
ensuring safe handling and closing the remediation cycle. This demonstrates that post-mining
landscapes can evolve into multifunctional systems where ecological recovery and clean
energy generation are not competing objectives but complementary, mutually reinforcing

Processes.
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Conclusion and perspectives

This study integrated agroforestry and agrivoltaics systems to rehabilitate post-mining land
while simultaneously producing green and bio-hydrogen, respectively generated from solar
energy and biomass produced in the areas. The main objective was to maximise biomass

production by rehabilitating the mining area for high-yield hydrogen production.

To achieve this goal, the first specific objective was to structure a system of agroforestry and
Agri-PV for soil improvement. Strategically, the site was divided into two equal plots where
the cultures of sunflower and mustard were intercropped with the bamboo for an agroforestry
system. In addition, sunflowers and mustard were planted under the solar photovoltaics for an
Agri-PV system. The combination of these two systems demonstrates effective removal of
heavy metals from the soil. Indeed, the bamboo showed strong phytostabilisation capacity for
Cu, Zn, Pb, and Cr, while sunflower effectively translocated metals such as Cd, Zn, and As,
supporting phytoextraction. Indian mustard provided a balance of metal uptake and biomass
yield. After one season, nearly all target heavy metals, except Cu and Co, were reduced to
safe limits, with Pb and Zn showing complete remediation.

The second specific objective was to estimate the available biomass potential after
remediation for bio-hydrogen production. The number of plants and crops under the study
area was calculated to estimate the total dry biomass based on the plant biomass rate from the
literature.

The third specific objective was planned to evaluate the water required and the energy
generated from the solar panel for green hydrogen production. On this aspect, the number of
panels was calculated with respect to the spacing to allow plants to get sufficient irradiation.
The energy generated from the solar panels was used to power a pump, which stored water in
a tank to ensure the irrigation system and the supply for an electrolyser. The surplus energy
was used to power the electrolyser for green hydrogen production.

The fourth and last specific objective consisted of optimising the potential green and bio-
hydrogen production from mixed technologies using Aspen Plus. The optimisation of green
and bio-hydrogen production with this software considered some key process variables such
as temperature, pressure, steam-to-biomass ratio, equivalent ratio and air supply. Additionally,
the integration of reforming and water-gas shift reactions, as well as the char and tar cracking,
was explored to maximise hydrogen yield and process efficiency. These findings highlight
that tuning operating conditions and process configuration are critical levers for enhancing

sustainable hydrogen production from mixed technologies.

The dual pathway demonstrated the potential of post-mining landscapes to evolve into
multifunctional hubs that simultaneously foster ecological restoration and carbon-neutral
energy generation. Through the integration of phytoremediation with biomass gasification and

advanced tar/char cracking, the approach resolved a critical limitation of phytoremediation:
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the safe management of contaminated biomass. By converting harvested material into clean
energy, the pathway not only mitigated disposal risks but also established a closed-loop

system that couples environmental recovery with renewable energy production.

Despite the contributions of the study, several limitations and gaps remain that require further
investigation. First, region-specific primary data are absent on soil conditions and plant
uptake efficiency, which limits the accuracy and applicability of the results to local contexts.
Second, limited research exists on cobalt uptake in the plant species studied, which may
explain the comparatively long remediation period required for this metal. Third, there is
currently a lack of studies on the utilisation of Moso bamboo, sunflower, and mustard as
feedstock in gasification processes, leaving their potential underexplored in the literature.
Fourth, the calibration of kinetic models remains insufficient, and the understanding of
feedstock property variations is limited, contributing to uncertainties in simulation outcomes.
The study lacks integration of economic feasibility analysis and does not address strategies for

channelling residual solar energy into the national grid.
Perspectives and Practice

Based on all of the findings of this study, several actionable steps can guide the sustainable
implementation of integrated agroforestry, phytoremediation, and Agri-PV systems for post-
mining land rehabilitation and renewable energy production. These perspectives aim to
support policymakers, practitioners, and researchers in scaling up multifunctional land
management while ensuring ecological restoration and clean energy generation.

e Conduct field experiment to confirm its effectiveness and demostrate its practical

relevance
e Collect localised primary data on soil conditions and plant uptake efficiency to

improve result accuracy and relevance

e Study the feasibility of using Moso bamboo, sunflower, and mustard as feedstock in

gasification processes to assess their energy recovery potential.

o Channel remaining electricity, after meeting irrigation and hydrogen production needs,
into the grid supply or local community uses to maximise sustainability and economic
benefits.

e Conduct cost-benefit analyses to guide scalable deployment and attract long-term

investment.

In sum, this work provides a scalable blueprint for multifunctional land rehabilitation, where
degraded landscapes not only recover ecological function but also contribute directly to
renewable energy systems. With targeted policy support, such models can be aligned with
national sustainability and energy transition strategies, positioning post-mining regions as key
contributors to climate-neutral development goals.
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Annex

Table 2.4: Concentration ranges of metals in roots, aerial parts, and initial soil

contamination from plant studies across various reviews

Plants Metal Soil (mg/kg) Aerial(mg/kg)  Root Mean mass references
(mg/kg) (g/plant)
Sunflower Cu 3.334-19.8 1.2-79.38 1.8-450 17.87 [1107],
[111],
Zn 3.58-715 7-214.4 0.04-217.62 [112],
Pb 17.4-230 1.74-74 2.35-104.81 [125],
[130],
Ni 27-68 1.4-11.5 4.87-34.1 [172],
[173], [174]
As 6.693 0.49 0.48
Cd 1.12-28.17 0.2395-17.12 0.1024-10.7
Cr 12.8 4.85 4.74
Co 7.9 1.095 1.01
Mustard Cd 1.44-191.4 1.37-83.1 1.69-134 1.092 [107],
[109],
Pb 80-2211.66 2.9-1072 1.97-1815.7 [124], [163]
Cu 100-492.69 96.5-165.4 200-299.3
As 7889.83 363.8 398
Cr 456.9 99.2 135.6
Bamboo Cu 12.76-195 18-212.2 60-810 319 g/plant [101],
[138],
Zn 28.74-2980 1625-2400 2400-6500 [139]
Cd 5-14.5 3.45-41.61 5-40.8 [165], [175]
Cr 180-300 237.1-860 490.9-1310
Pb 132.5 482 4283




Table 2.5: Mean Metal Concentration in Initial Soil, Roots, and Aerial Parts of Plants, and

Percentage of Mean Concentration in Roots and Aerial Parts

Plants Metals Mean C soil Mean C shoot Mean Croot %shoot %root
© (mg/kg) (mg/kg) (mg/kg)

sunflower Cu 915.752 23.136 151.73 2.526 16.569
Zn 191.81 118.67 93.7 61.869 48.850
Pb 102.47 42.96 59.93 41.924 58.485
Ni 48.67 6.32 19.485 12.985 40.035
As 6.693 0.49 0.48 7.321 7.172
Cd 14.645 8.68 5.4 59.269 36.873
Cr 12.8 4.85 4.74 37.891 37.031
Co 7.9 1.095 1.01 13.861 12.785

mustard Cu 296.345 130.95 240.65 44.188 81.206
Pb 805.09 372.37 631.22 46.252 78.404
Cd 96.42 42.235 67.845 43.803 70.364
As 7889.83 363.8 398 4.611 5.044
Cr 456.9 99.2 135.6 21.712 29.678

bamboo Cu 77.43 109.42 372.11 141.315 480.576
Zn 176.74 1897.23 4450 1073.458  2517.82
Pb 132 482 4283 365.152 3244.7
Cd 8.63 16.7 22.9 193.511 265.353
Cr 240 548.55 900.45 228.56 375.188




