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EXECUTIVE SUMMARY
This report describes a proposal for the reforestation and the reversal of desertification in the
countries bordering the Mediterranean (target region). An assessment of the financial,
environmental and social implications of the proposal has been made. A technical solution has been
designed for one suitable location (site area) within the target region, namely an approximately
4850 km2 area in the northern half of Morocco. The solution was developed using a systemsengineering requirement-based approach. An explanation of the technologies that will be deployed
during the 30-year growing cycle of the solution is provided, together with a summary of the
financial cost. The report includes an explanation of how the solution is scaled to the target region.
Throughout the design of the proposal, positive and negative environmental implications of
construction, transportation, continued-use and maintenance have been considered.
Since the requirements for reforestation and reversing desertification are location-specific, it was
decided that a solution for a single site, highly representative of the target region, should be formed.
A three-point criterion for site-selection was used – Representativeness, Necessity due to
Desertification and Feasibility. These metrics were assessed using a variety of data sources, mostly
collated using ArcGIS software, to produce 10 shortlisted sites. The Morocco site most adequately
met the three-point criterion and was shaped to omit areas that limited its adequacy, like areas of
high population.
An assessment of the financial and environmental impact of water harvesting and distribution
methods was conducted to aid in the distribution of techniques across the site area. On-farm micro
techniques like contour ridges were found to offer high water catchment rates and a relatively low
cost per km2 (US$1.09 million) and CO2 emission per km2 (486,620 kgCO2e). An in-depth study
into the variations of rainfall, runoff and slope gradient was conducted within the site area and from
this the appropriate water harvesting methods were applied to specific locales. In total, it is planned
that approximately 362,000 trees can be planted. The most common water harvesting method to be
used is contour ridges, accounting for 90 % of the total land area being manipulated. Contour bench
terraces and hill-side conduit systems together with bunds are also common, particularly along the
banks of valleys. Other water harvesting technologies like dams and limans are to be used too. The
total cost of water harvesting methods in the site area is US$ 69.43 million and the total emissions
in resourcing materials, transporting them and constructing them are 27.9 kt CO2e. An
approximately 16 km network of pipes and channels will distribute water from the Allal al Fassi
Reservoir to one region within the site area.
An evaluation of soil stabilisation, afforestation and plant monitoring techniques was conducted. It
was concluded that mulching would be the most effective soil stabilisation technique because of its
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minimal risk to the environment and positive impact on soil erosion. The cost associated with
mulching for the site area is US $180,162 and emissions are 589,000 kgCO2e. An implementation
plan was developed to evaluate the effectiveness of the technique throughout the timeline of the
project.
The Pinus Halapensis was chosen as the dominant flora species for the site area due to its prevalence
in Morocco, its superior carbon sequestration capability (706.2 kg CO2 per lifetime of one tree) and
superior survival rates (80 % - 90 %) compared to the also common Quercus Ilex. Seeds will be
grown into saplings in-situ, to avoid the financial and environmental costs of sapling transportation.
Pinus Halepensis mature in 30 years and therefore approximately 12,100 saplings will be planted
per year, with trees being harvested at the end of the 30-year cycle.
UAVs equipped with an 8 MP camera and NoIR camera module will capture visible light and
infrared imagery which will be used to determine tree health. Two types of UAVs (fixed wing and
multi rotor) will be used for monitoring. The Applied Aeronautics Albatros was selected as a
suitable fixed wing UAV, largely because of its endurance (5 hours) and range (160 km). The multi
rotor Freefly Systems Alta 8 was selected because of its large payload capacity (8 kg) and high topspeed (60 km / h) which will aid in fast response situations.
A study concerning the expansion to vulnerable areas within the target region was conducted. It
was calculated that 1,376,235 km2 of the target region is vulnerable to desertification and could
benefit from reforestation. Even though the Morocco site area is highly representative of the target
region geographically, when applying the proposal to the target region an area-based scaling of
costs and carbon dioxide emissions was considered inadequate. Instead, weightings that reflected
the disparities in economy and carbon dioxide emissions within the target region were applied.
These were derived from data for GDP per capita and kilograms of emissions per US $ of GDP,
respectively. In doing so, North African and Middle Eastern countries were grouped (containing
Morocco) and European countries were grouped. It was found that when scaling financial costs and
environmental costs to vulnerable land within the target region in Europe, factors of 4.4 and 0.25,
respectively should be applied.
The total cost of implementing the proposal in Morocco over 32 years is US$ 86.49 million. 32
years allows for 2 years of training and construction before a 30-year growing cycle. Using the
expansion weightings, the scaled cost for the target region is US$ 52.92 billion.
In the initial delivery of the project infrastructure, 30.8 kt CO2 and 18.9 x 103 kt CO2 will be emitted
in the Morocco site and in the target region, respectively. However, the Morocco site will sequester
100.7 kt CO2 from the atmosphere after the first 32 years and when scaled to the target region this
equates to 28.3 x 103 kt CO2. It will take 15 years of tree growing for the project to become neutral,
after which sequestration of carbon will continue.
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1 INTRODUCTION
1.1 DESERTIFICATION
Desertification is defined by the UN as “land degradation in arid, semi-arid and dry sub-humid
areas resulting from various factors, including climatic variations and human activities” [1].
The project brief highlights the issue of desertification in countries surrounding the Mediterranean
Sea and suggests that a restorative approach is required. The brief calls for a broader consideration
of possible approaches to sustainably solving the problem of desertification, and also notes the
importance of reforestation as a primary tool to combat desertification. Although other similar
projects such as that in the Loess Plateau in China [2] have had success, there have been clear limits
to this – something that this project aims to improve by applying a stringent engineering process
and considering a wider range of potential solutions, as required by the brief.
Based on later client feedback to supplement the project brief, the target region has been redefined
following the inception report as the land enclosed by the Mediterranean bioclimatic limit shown
in Figure 1.

Figure 1: Climatic Regions of North Africa and Southern Europe [3]

1.2 CAUSES OF DESERTIFICATION
The most significant cause of desertification is the loss of topsoil due to wind erosion. This is caused
by factors including deforestation and overgrazing. The loss of vegetation exposes the topsoil to the
wind and enables soil displacement. A notable example of this occurred in 2014, with winds from
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the Sahara carrying dust to London [4]. Desertification is also caused by other processes such as
unsustainable farming techniques, overpopulation, and climate change. The exact cause of
desertification varies with location.
The impacts of desertification are the combined result of complex and dynamic interdependence
between the geographical state of an area (humidity, soil quality, vegetation etc.) and the process
of desertification on it. Any of these factors may affect any other by various processes that can be
simple and direct or far more complex, involving chains and webs of different processes. For
instance, while vegetation often contributes directly to improved soil quality, it also does so
indirectly through proxy processes: for example, livestock grazing, erosion reduction and moisture
retention increases.
It is this complexity that must be understood and analysed to design an effective solution. The
processes themselves also vary with location so it is important to both clearly define the region that
the project should focus on so that its characteristics can be understood.

1.3 IMPACTS OF DESERTIFICATION
The primary concern of desertification is that it reduces the ability of the land to support life. This
includes wild species, domestic animals, agriculture and human residence [5]. Desertification is
most clearly visible in agriculture where falling soil quality means that farmers have had to increase
their fertilizer usage to maintain output [6].

1.4 BENEFITS OF COMBATTING DESERTIFICATION
Combatting desertification and reversing desertification will have many benefits. Primarily,
reclaimed land will increase in both productivity and value. It will also prevent further land
degradation and will increase economic sustainability through agricultural productivity.

1.5 CLIMATE CHANGE
Another current concern is climate change. Recently the Paris climate agreement has set a target of
limiting temperature increase to 1.5 oC above pre-industrial levels to reduce the risks and effects of
climate change [7]. To achieve this will require a significant reduction in emissions and increased
usage of carbon capture. Reforestation projects are used as a method of carbon storage. Recently
Shell CEO Ben van Beurden has called for additional measures on top of emission-cutting saying,
“What we think can be done is massive reforestation. If you think of extra reforestation, so another
Brazil in terms of rainforest, you can get to 1.5C” [8].

2

1.6 PROJECT OBJECTIVES
The objective of the project is therefore to analyse the ecological processes and state of
desertification in the region and design an engineering solution that will reverse its damaging
effects. This report details the proposed solution and the decisions which led to its formulation.

3

2 PROJECT MANAGEMENT
2.1 SYSTEMS ENGINEERING [JAMES THORNTON]
As with any engineering project, it is important to follow an appropriate system engineering
process. The benefits of this are not dissimilar to the publication and acceptance of meeting minutes
– the imposition of a clear structure to the flow of requirements from the client brief through each
phase of development and through to the final solution promotes objectivity, justified decisionmaking and ensures traceability.
Conversely, good systems engineering reduces the incidence of ambiguity and improves team
cohesion. For instance, where interpretations of a requirement-driving document or comment
differed, this was discussed with the project supervisors and the output recorded - either a clear
client requirement or agreement to defer to the judgement of the team.
Given the relative freedom and scope of this particular project, it is particularly important to note
that requirements can represent any decision that narrows the range of potential solutions. This
section therefore focuses on the use of a requirements-driven engineering process rather than the
other aspects of systems engineering (although many of these were employed to a lesser extent).
Ideally, the final engineering solution should represent the convergence of the requirements.

Figure 2: System Engineering Process [9]
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The above philosophy was maintained throughout the project and documents used to assist this,
maintained by James T. For example, an excerpt of the early project phases – where the systems
engineering approach is arguably most important – is included in Table 1.
Table 1: Excerpt from Requirements Tracker

Phase

Source

ID

Type

Text

Parent
ID

Inception

Brief

001 Requirement

The project should engineer and
present a solution to reverse
desertification in the
Mediterranean

Inception

Brief

002 Requirement

The solution should assess
multiple alternative natural and
technological methods to achieve
its objectives

Inception

Brief

003 Requirement

The solution should include an
element of reforestation

Inception

Brief

004 Requirement

The output of the project should
include applicability to the
majority of "countries bordering
the Mediterranean"

Inception

Brief

005 Requirement

The project should assess
economic and carbon
sequestration benefits of the
solution

Inception

Brief

006 Requirement

The project should assess
feasibility, both financially and in
terms of carbon emissions

Inception

Brief

007 Requirement

Development of the solution
should account for plant growth
rates

Inception

Brief

008 Recommendation The project could include
specialisations:
(Aero) a review of the use of
5

UAV’s for surveying, monitoring
conditions and delivery of light
inputs
(Civil) consideration of sand
dams, landscape and soil
modification etc.
(Chem/Mech/Electrical): to
consider how to provide
necessary inputs of starter
biomass, water harvesting
methods, integration of solar
power with desalination, use of
robotics to scale up planting
indigenous species etc.
Inception

Brief

009 Requirement

Findings should be reported in a
form for presentation to
governments or international
organisations to seek support for
implementation

Inception

Client

010 Recommendation In the case that the proposal will
centre on a single site, total land
area should be on the order of
100 x 50 km (5,000 km2)

Inception

Client

011 Requirement

The 'Mediterranean' region
referred to in the brief was
intended to refer to the BioClimatic Mediterranean Region
as defined by the FAO in 'State of
Mediterranean Forests', Fig. 1

Inception

Internal 012 Requirement

The project objectives will be
achieved by the selection of a
single site within the target
(Mediterranean) region which is
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004

desertified, vulnerable to further
desertification and representative
of the wider target region. The
solution should be presented with
a study of how it might be
modified to solve similar
problems in the rest of the target
region - enabled by the selected
'median' site's representativeness.
Confirmed at Week 6 client
meeting.
Inception

Internal 013 Recommendation The site location will

012

provisionally be as presented in
Week 7 - in Morocco, extending
100km east and 50km north from
the outskirts of Fez towards Taza,
centred around Tazekka National
Park
Conceptual Internal 014 Requirement

The site location will finally be as 013

Design

presented in Week 9 - in
Morocco, extending over <
5000km2 to the east of Fez

Conceptual Internal 015 Requirement

Project activities should not

Design

reduce the availability of water
from conventional sources to any
non-project activities by more
than 10%, unless a reasonable
alternative water source can be
proposed [~90% of available dam
water resources are withdrawn
every year (Bzioui, M., 2004)]

Conceptual Internal 016 Requirement

Project activities should consider

Design

the needs and potential affects
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and displacement of local
population and activities, and
significant land works should
only occur where the population
density is less than 250 per km2
Conceptual Internal 017 Requirement

Project activities should not

Design

threaten the livelihoods of locals
and should involve them where
possible

Conceptual Internal 018 Requirement

Project activities should have a

Design

net positive impact on ecosystems
and biodiversity and any negative
impacts should be mitigated
against in the long-term or be
justifiably outweighed by the
benefits

2.2 WORK DISTRIBUTION [BRYAN CHAN]
The nature of a multi-disciplinary project has proved to be challenge for work distribution because
team members are required to work out of their expertise in order to realise the objectives set by
the project brief. Because of this, one may require a longer time to compensate for the need for
learning a new field of studies from the beginning. For instance, this project assigned would benefit
from the knowledge from a civil engineering member who has expertise in hydraulics and
geotechnics which is crucial in realising fundamental objectives of this project, such as the soil
improvement for reforestation, but one was not present within the group. The distribution of
expertise with within the group is tabulated in Table 2.
Table 2: Work Distribution Between Group Members

Group members

Degree programme

Out-of-discipline work contributed to
this project

Bryan Chan

MEng Mechanical Engineering

•

Geotechnical engineering

•

Ecological engineering

Joel Fernandez

MEng Aerospace Engineering

•

Ecological engineering

James Marks

MEng Electronic Engineering

•

Hydraulic Engineering

•

Civil Engineering
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James Thornton

MEng Aerospace Engineering

•

Systems engineering

Jack Wood

MEng Mechanical Engineering

•

Hydraulic engineering

•

Civil Engineering

2.3 PLANNING AND SCHEDULING [BRYAN CHAN]
The approach to realising the final report is to continue refining the research knowledge on the
expertise needed to realise the objectives of this that was continued from the inception report [10].
This was then followed by the formulation and design of a solution for each technology proposed
in the project was conducted. At the same time, a location analysis was done to select a site-location
that is a well representation of the Mediterranean region to give a simulation if the project was
implemented practically. Once these activities had been done, the integration of all the technologies
that forms this project was done. Later, an expansion study for this project was done to give an
estimation of the project’s potential when it is scaled up to the whole Mediterranean region. Lastly,
the final report was then reviewed for submission. After the submission of this report, the
preparation for the group oral and poster presentation will commence.
All of activities mentioned were planned and its workload were distributed to formulate a Gantt
Chart produced using TeamGantt can be found in 10.1 to track the progress of this project.

2.4 INFORMATION EXCHANGE [BRYAN CHAN]
Throughout this project, there was a constant communication between the group and supervisors
involved in this project to provide guidance and advice. The group members also meet internally
each week to track the progress and communicate issues regarding the project. To maintain efficient
information storage and exchange, a Google Drive was set-up to archive all minutes of meeting,
research and literature used for the project. Other than that, Microsoft One Drive was used to
facilitate the editing and review process of the final report within the group.

2.5 RISK MANAGEMENT
Especially for a project on a large scale such as this, project risk is critical to consider - the level of
uncertainty of any large land management project is high and will lead to a higher probability of
risk occurrence. The assessment shown below assesses these risks and provides a mitigation
strategy for each, where appropriate.
Whilst non-project risks such as those as a result of health and safety have also been considered,
this assessment is of project risks only.
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At the current ‘project proposal’ stage, risks are divided into two designations:
●

Active mitigations are those that are or have been ongoing up to the present state of the
project - specifically those relevant to the earlier phases such as research, design and
planning

●

Planned mitigations are those that are relevant only to the upcoming implementation phase
of the project

Following on from the provisional risk assessment completed in the inception report [10], the below
table shows the project’s risk register - including severity ratings and matching mitigation strategies.
These risks are discussed in more detail in their respective sections.
Risk ID

001

Category

Political

Description
Political instability in the region leads
to reduced availability of personell or
resources
Policy change leads to reduction of
funding or animosity towards the
project (the project will likely outlast
most democraticly elected
govornments)
Political encumberance or
beurocracy (e.g. filibustering) delays
the delivery of funding or resources

Likelihood

Rating
Consequences

Severity

Type of
mitigation

1

3

3

Active

2

2

4

Active

2

1

2

Planned

Mitigation plan
Implementation area must fulfill
the political stability index to
ensure that countries involved
have low risk of political
instabiity
Only work with well established
organisations and bodies that
are committed policies

002

Political

003

Political

004

Social

Project workers are drawn to the
region, causing social change and
animosity towards the project

1

1

1

Planned

005

Social

Short term impacts (e.g. noise,
pollution, transport congestion) of site
work cause local animosity towards
the project

2

1

2

Planned

006

Environmental

Technologies disturb habitats and
cause unforeseen changes to food
chains, resulting in a threat to an
ecosystem's biodiversity

1

2

2

Planned

Hire ecologist and biologist to
constantly assess the
biodiversity of the project area
to minimise risk of damage to
areas

007

Environmental

Changes to land use cause variations
in weather patterns, resulting in less
rainfall and/or flooding

2

2

4

Active

Solutions/technologies used
cause low environmental risk

008

Environmental

2

3

6

Active

009

Technical

1

2

2

Planned

010

Technical

Equipment breaks down in the field
requireing a specilist to repair

1

2

2

Active

011

Technical

Equipment breaks causing damage to
the plants

1

3

3

Planned

Minimise the use of
machineries wherever possible

012

Technical

1

2

2

Planned

Minimise materials from foriegn
sources

013

Technical

2

2

4

Active

Project plan has monitoring
systems in place to constantly
track progress of project

Provision, distribution, use and
disposal of technologies requires use
of non-renewable energy sources,
increasing GHG emissions
Research and Development time
exceeds the alloted time delying the
rest of the project

Replacement components are
unavaliable locally
Following project completion, project
infrastructure is not maintained to a
reasonable standard and falls into
disrepair leading to a range of
problems

014

Economic

Underestimate the cost of project
elements

2

1

2

Active

015

Economic

Financial crises cause withdrawal of
funding

2

3

6

Active
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Have local political bodies to
get invovled in project to
secure resources
Maximising local labour source
for the project to ensure that
workers are familiar with the
environement
Project targets mostly rural
areas to reduce likelihood of
social impacts

Prioritising the use of
sustainable energy over nonrenewable source
Technologies/solutions
proposed are scientifically
backed up with data
Maintainence plan for constant
monitoring of the operational
state of equipment

Solutions/technologies
proposed are proven with case
studies and weightings are
applied to the estimated cost
Implementation area must fulfill
the worldwide governance
criteria

3 LOCATION [JAMES THORNTON]
This section details the methodology and decisions made regarding:
1. The reconciliation of Req. 004 (applicability to the entirety of the Mediterranean) and the
need to provide a well-focused engineering solution
2. The selection of an appropriate location to fulfil the chosen approach
For brevity, this section does not discuss metrics such as temperature and pressure (the fundamental
driving forces of all climate) or rainfall and potential evapotranspiration (represented instead by
Humidity/Aridity Index) as these are very time-variable. As the length of this project is many years,
it is better to consider averaged variables such as those used below instead.

3.1 LOCATION APPROACH
3.1.1

Problem

The Mediterranean ‘target region’, as defined in Req. 011, is an incredibly diverse one by many
metrics – not least population, economics, politics, terrain, soil fertility, climate and vegetation.
Many of these influence the incidence of desertification in the past and future, while others impact
the feasibility of a potential desertification project to combat this.
As per requirements 001 and 004, the project must both present a solution that is simultaneously
•

Applied to, or scalable to, the entirety of the ‘target region’

•

Focused on areas that are both affected by and susceptible to desertification

•

Engineered to a high standard of design and optimisation

As discussed in section 2.1, any solution must be engineered as a direct consequence of its
requirements. In this context, many requirements are environmental and differ with location. A
well-engineered (optimum where possible) solution is therefore dependant on the location for which
it is designed and there is no ‘one-size fits all’ solution that could be justifiably applied throughout
the target region without significant losses in efficiency.
3.1.2

Approach

A number of potential approaches to this problem were considered, as discussed below.
Although the differences between location-specific metrics are significant, they are small enough
that it is possible to select a single small location that is sufficiently varied that it can be considered
representative of a large portion of the target region. This enables the engineering solution
developed for the main site to be justifiably applied to a significant geographic area of the target
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region. Additionally, the remaining ‘more extreme’ regions can be considered relatively minor
perturbations from the main site location and solutions therefore developed as small adjustments of
the main site solution. A study of this expansion is discussed in section 0. Most critically, this
approach does not obstruct the design process and minimises project risks – both issues that might
otherwise arise from attempting to design a solution for the entirety of the target region
simultaneously.
To fulfil this, the site should be selected to balance and maximise:
•

Representiveness

•

Desertification; both existing degradation and future sensitivity

•

Feasibility

In summary, this approach distils to:
1. Define a subset of Mediterranean basin as the ‘target region’
2. Select a single ‘site area’ within the ‘target region’
3. Provide a technical solution specific to the ‘site area’, along with a study of how it might
be applied to the rest of the ‘target region’
The selected location is herein referred to as the project ‘site’.
3.1.3

Selection Process

The approach in 3.1.2 was selected to ensure a balanced adherence to the three requirements
outlined in 3.1.1. Other options considered included
•

One-size-fits-all Design
Consider the entirety of the target region as one and use the average values across all
desertified areas within as the basis for a design
o

o

Advantages
▪

Fast design process

▪

Very effective in ‘typical’ areas

Disadvantages
▪

Solution only maximally efficient in areas with the same properties as the
target region average

▪

May be infeasible where factors such as population and infrastructure
differ from the target region average

▪

Cost of post-design adjustments to adhere to requirements may in fact
outweigh the savings made in simplifying the design process
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•

Design by Categorisation
Similar to the Single Site approach described in but performing this in parallel for a number
of sites, each representing one of the geographical archetypes that make up the target region
o

Advantages
▪

Minimises the differences between the geography of any given location in
the target region and the closest ‘archetype’ for which a solution has been
designed – therefore enabling a near-ideal design for any area

o

Disadvantages
▪

Design process must be repeated for each site, leading to a high project
workload

▪

Enables application beyond the target region – could be an advantage but
this not within the scope of the project and would likely lead to a
disproportionate project workload

In summary, the approach described in 3.1.2 was selected as opposed to the alternatives because
•

The alternative approaches lead to a project workload that is both beyond the scope of the
project and unnecessary to fulfil its objectives

•

It better balances the time-efficiency of project completion with the need to output a
solution that is well engineered for any of the many diverse locations within the target
region

3.2 SITE SELECTION
Proceeding with the approach described in 3.1.2, it was necessary to select a single site that balances
representativeness, feasibility and necessity in the context of desertification.
The justification of the site selection is predicated on a number of factors both quantitative and
qualitative. In many cases, this stemmed from location-specific datasets in a variety of formats. To
support this activity and those of other team members, the ArcGIS/ArcMap software package was
used to store and share this data and custom coded pipelines developed to process and convert
datasets that would otherwise not be possible to include due to incompatible formatting.
3.2.1

Target Region

A high representativeness is only required of the selected site in the context of the target region.
This enables the ‘expansion study’ described in 3.1.2 to be of reasonable scope by reducing the
differences between the selected site and any given desertified area across the target region.
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A large number of datasets were used, a subset of which are shown below – focussing on those that
vary over a large scale, allowing trends to be visible.
In all below data maps the border of the target region as defined in Req. 11 (FAO) is shown as a
green line.

Figure 3: Humidity Index [11]

Figure 4: Drylands Susceptible to Desertification [11]
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Figure 5: Land Degradation Severity [11]

Figure 6: Desertification Index with Reversed Legend [11]
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Figure 7: Population Density [12]

Figure 8: Koppën-Geiger Climate Classification [13]
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Figure 9: SDI Data Map in the Northern Mediterranean [14]

3.2.2

Vulnerable Regions

To assess representativeness, the characteristics of both the target region and the selected site must
be known. The above datasets provide the basis for both sides of this comparison, with the first step
being to form a profile of all areas that may require intervention to slow or reverse desertification.
It is important to note that this profile does not need to encompass the entirety of the target region
– only those areas that are desertified or at risk of desertification. For the purposes of this
comparison, this will be only where the mode average of Index of Sensitivity to Desertification,
SDI [14] is greater than 1.3 over an area of 10,000 km2 or larger.
This analysis leads to the regions shown Figure 10. These areas are referred from here on as the
‘Vulnerable SDI Regions’.
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Figure 10: Vulnerable Regions; Significant Regions of High SDI

Note that, since they are processed directly from the dataset shown in Figure 9, the Vulnerable SDI
Regions are limited to the same extent and therefore do not encompasses the entirety of the target
region – excluding the Middle East and North Africa.
This is however sufficient as the only purpose of these areas is to define the breadth of locationspecific variables that any selected site should be representative of. Although these areas do not
span the entirety of the target region, there is enough variation for this to be an appropriate
approximation of the full region.
Sampling the datasets for the Vulnerable SDI Regions gives the values of each location-specific
variable that occur across these regions, and therefore that the selected site should be maximally
representative of.
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Table 3: Representation Profile for Target Region

Values/Categories Occurring over a Significant* Area
Vulnerable SDI Regions

Additional Desertified
Regions+

Dryland Rating

Susceptible, Unsusceptible

None

Humidity Index

Humid, Dry Sub-Humid,

Arid

Semi-Arid
Land Degradation

Low, Medium, High, Very

None

Severity

High

‘Index de Desertification’

Medium – High

None

Population Density

<5 to ≥250

None

Koppen-Geiger Classes

BSh, BSk, Csa, Csb, Cfa,

BWh, BWk, Csc

Cfb
Land Use Categories

Commercial Agriculture,

(excluding Fishing,

Livestock Raising,

Urban)

Forestry, Nomadic

None

Herding, Subsistence
Agriculture, Little or No
Activity

*

Significant areas here are defined as those where the incidence rate per unit area of the value

across the area under consideration is no greater than 100% different from that of any other value
+

Lists only those ranges/categories that are not explicitly found within the Vulnerable SDI Regions

but, by extrapolating the trends of desertification incidence to the rest of the target region, have a
high probability of existing in other regions vulnerable to desertification such as Turkey, the Middle
East and North Africa
Table 3 is the output of sections 3.2.1 and 3.2.2, and is referred to as a representation profile –
essentially a set of characteristics which any chosen site should be representative of. This was used
as the basis for the ‘Representativeness’ assessment of sites going forward, along with consideration
of other variables that are less quantifiable and as such not included in the table – for instance terrain
type, soil types and access to water.
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3.2.3

Potential Sites

To narrow down the 3,200,547 km2 land area of the target region to a single ~5,000 km2 site, its
entirety was assessed against the criteria set out in 3.1.2, making use of the noted resources to fulfil
each point:
•

Representativeness
o

•

•

Representation Profile – Table 3

Desertification; both existing degradation and future sensitivity
o

Land Degradation Severity –Figure 5

o

Desertification Indices – Figure 9 and Figure 6

o

Dryland Susceptibility – Figure 4

Feasibility
o

Population density – Figure 7

o

Transport infrastructure

o

Economic state

o

Political and social stability

o

Potential funding sources/bodies

Figure 11 shows the provisional locations that were shortlisted. A detailed description of every
option’s adherence to the above criteria would be beyond the scope of this report, so the breadth of
data analysed by the project has been condensed into a more tractable decision matrix in Table 4 to
improve readability. Of course, a detailed description is included for the final selected site.
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Table 4: Site Location Decision Matrix

Country

Region

Representativeness Desertification

Feasibility

Monfragüe
Spain

National

Medium

High

Medium

Medium

High

Medium

Low

Medium

Low

Medium

Medium

Medium

Medium

Medium

Medium

Medium

High

Low

Medium

Medium

Medium

Medium

Medium

Low

Park
Spain

Spain

Sierra de
Gredos
Mallorca
(NW Coast)
Cagliari

Italy

Plateau
(Sardinia)

Italy

SW Sicily
Alexandreia

Greece

Plane (near
Thessaloniki)

Turkey

Lake Tuz
(Cappadocia)

Lebanon

Any

Algeria

Coastal

High

Medium

Medium

Morocco

Central

High

Medium

High

Figure 11: Map of Potentially Viable Locations
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3.2.4

Final Selection

Based on Table 4 and the more complex data that it simplifies, the Morroco site was selected.
Specifically, the region between the second city of Fez and the nearby Atlas mountain range and a
site optimised to further maximise the geographical opportunities available to the project. This is
shown in Figure 12 and lead to Req. 014.
The area encompasses 4850 km2 and is designed as such to:
•

Include the Idriss Reservoir
o

The reservoir is among the largest in northern Morocco

o

The dam is a significant source of irrigation and power

o

The dam project has been the subject of environmental concerns [15] and general
criticism [16], making it an ideal candidate for government or charity funding

•

•

Include areas of existing afforestation
o

Evidence that tree and flora growth is sustainable

o

Provides an ecosystem to expand from

o

Predominantly Tazekka National Park in the east

Maximise representativeness
o

Placed at a juncture of all three humidity classes of the Representation Profile,
including significant areas of Humid, Dry Sub-Humid and Semi-Arid

o

Shaped to include areas of different Land Degradation Cause (classes fg, fa, a), soil
fertility (increasing around the Idriss reservoir), desertification index (increasing to
the west) and dryland susceptibility

o

Including a range of terrain types (plains, mountains, valleys) and soil fertilities

o

Encompasses all four primary Koppën-Geiger climate classes that are significant
in desertified areas of the target region (BSh, BSk, Csa, Csb) and borders on BWh
and BWk which predictions show will likely expand during the course of the
project [13] – see Figure 12

o

Includes the entirety of the population density range in the Representation Profile
(<5 – 250+ per km2)

o
•

Includes 4/6 of the Land Use Systems in the Representation Profile

Maximise project necessity due to desertification
o

Placed towards areas of maximum Desertification Index and Land Degradation
Severity within Morocco

o

Placed close to an expanding extremity of the Sahara Desert – an area of high
vulnerability

•

Maximise feasibility
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o

Includes significant sources of water – rivers and reservoirs

o

Benefits from good infrastructure and labour availability from nearby cities

o

Nearby cities and towns are relatively condensed so do not lead to a high population
density within the site area – therefore lower impact of population displacement

o

Shaped to avoid nearby areas of prohibitively high population (100+ per km2) to
the north-west of Fez and Taza

o

Newly reinstated member state of the African Union

o

Political stability index score of -0.41 compared to -2.63 in Syria, -2.33 in Lybia,
African average of -0.65, world average of -0.05 and European average of 0.53
[17]
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Figure 12: Topographic Maps Showing Final Site Boundaries

Figure 13: Final Site Area with Koppën-Geiger Climate Overlay
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3.3 DATA CONCERNS
Analysis of the datasets outlined in 3.2.1 raised some concerns regarding the methodologies used
to construct them.
Most notably, further investigation of the SDI dataset shown in Figure 9 and the MEDALUS
process upon which it is based found that some of its primary assumptions appeared to be
unsubstantiated. For example, the SDI value itself is calculated as the geometric average of three
secondary indices, each dedicated to a particular contributing factor – soil, vegetation and climate
quality. These secondary values (in all but the case of climate quality which is a direct conversion
from Aridity Index) are also calculated as a geometric average of further properties.
The initial assumption of this process – that the sensitivity of any location to desertification is
predominately defined by these three factors alone – is well supported and not without justification.
However, the use of a geometric average without weighting factors assumes that the importance of
each factor is equal. The paper in question includes no explanation and the body of research of this
project has found no applicable justification.
While this is not a major problem, it could potentially lead to large inaccuracies between different
locations, depending on the true relative importance of soil, vegetation and climate quality.
Although this is beyond the scope of this project, a simple solution to resolve this would be to plot
the SDI for a number of locations against their rate of desertification – as provided by the change
in Koppën-Geiger maps, for instance. Any differences between the location plots would suggest
potential errors in this assumption.
There are also non-linear conversion tables used in the methodology which appear to be fairly
arbitrary and, again, without justification.
Only one alternative source was found – Desertification Vulnerability [18]. Given that the global
range of this is much larger (suggesting a lower accuracy) and differences when compared to SDI
were reasonably small, the group agreed to proceed with the use of SDI despite these concerns as
no significant improvement on it could be found and it was not within the scope of the project to
generate this data.
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4 SOLUTION TECHNOLOGIES
The technologies mentioned in this section were chosen as solutions to problems that will be
encountered in the duration of the project. To solve the problems, the key issues were drawn up as
questions of how it will be possible to:
•

Measure success

•

Keep track of each part of the project

•

Obtain water for afforestation

•

Repair soil such that it can support life (reverse desertification)

•

Grow a large area of trees (afforestation)

•

Prevent the spread of desertification in areas of agriculture

Answering these questions required engineering judgement. The thought processes for which this
involved are discussed in this section.
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4.1 UNMANNED AERIAL VEHICLES [JAMES THORNTON]
Colloquially referred to as ‘drones’, Unmanned Aerial Vehicles (UAVs) are aircraft that do not
have a pilot aboard. UAVs have evolved to encompass a wide variety of very different vessels from
observation balloons to RC aircraft and partially or fully autonomous military and civil drones.
Due to their dependence on several fast-developing technologies, the UAV market is experiencing
significant reductions in cost and increases in capability and availability. This applies to all of the
many UAV concepts and makes them a particularly attractive tool in any infrastructure or land
improvement project.
As mentioned in the inception report [10], this fast development has also led to a number of
accidents public concerns – stimulating the proliferation of sometimes bureaucratic safety and
certification legislations in various countries. Whilst Morocco has very strict laws prohibiting
public UAV ownership, the government does issue permits for commercial use. As the project
would require support from the government regardless, UAV use should not be an issue.
A stringent privacy and safety policy would of course need to be upheld to ensure all on-site workers
and inhabitants were comfortable with the UAV usage.
4.1.1

Potential Utility

The utility of UAVs is drawn from two characteristics – their aerial nature and the fact that they
can reduce or eliminate labour costs by assisting or replacing traditional jobs. Specifically, UAVs
could be deployed in a range of roles:
•

Observation, imaging, tracking, monitoring and measurement

•

Marketing and photo/videography

•

Transport and logistics (especially of lightweight payloads to otherwise inaccessible
locations)

•

Fast response (e.g. first aid, firefighting, security)

•

Agriculture (e.g. seed planting, crop spraying, fauna control)

Many of these roles would have increased benefits when considering a partially autonomous system
that collaborates automatically with other systems in use.
However, UAVs are not without their drawbacks. The capitol cost of the unit purchase is often
significant and there are ongoing costs associated with maintenance and energy. This disadvantage
is particularly notable in Morocco where the living cost is relatively low as there is less of a cost
barrier to completing objectives by tradition employment-based means. Also, the use of UAVs for
roles that would otherwise provide human employment can have a very negative local impact both
socially and economically.
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Finally, any aerial vehicle has an inherent safety risk, and these are particularly concerning as a part
of a project that is largely focused on sustaining the natural order, not the introduction of
technology.
4.1.2

Control Concepts

Remote Controlled (RC) UAV systems are controlled by a pilot via a remote-control device and
are essentially analogous to a human-piloted aircraft – the only difference being that the pilot is
separate to the aircraft. The aircraft must therefore maintain communication (and usually line of
sight) with the pilot and they must be able to visualise, either by direct observation or via a remote
video feed, the surroundings of the UAV.
Although the public is often more comfortable with the concept RC UAVs, statistics show that pilot
error is in fact the primary cause of aviation accidents [19]. Even so, the involvement of a human
pilot does potentially improve the capability of the system to handle unforeseen and more complex
circumstances that could be beyond a fully autonomous system.
Autonomous UAV systems are controlled by pre-programmed routines that sense their
surroundings and act accordingly. Autonomous systems almost always rely on pre-launch input (for
instance set waypoints) and have an RC override in case of unforeseen controller behaviour.
These vehicles arguably have the most utility for this project since they can be programmed to
perform repetitive or simplistic roles that would not require skilled human labour but are very well
suited for completion by a UAV.
Un-controlled UAV systems are less common, having no method of active control. Usually, these
are aircraft which are difficult to control such as lighter-than-air vehicles.
4.1.3

Aircraft Concepts

Fixed-wing aircraft benefit from the use of aerodynamic lift to offset their weight and are therefore
generally the most efficient (and therefore typical) form of aircraft. However, this benefit requires
them to maintain forward motion and therefore limits their manoeuvrability and precludes them
from any role that requires hovering.
Multi-rotor aircraft use multiple rotors to counteract their lift and therefore benefit from high
manoeuvrability. The inefficiency of this approach when compared to aerodynamic lift however
leads to much reduced speed and range.
Helicopter aircraft are similar to multi-rotors but use a single set of primary rotor(s) at one power
level. Due to the mechanisms required to achieve control in this situation, helicopters are
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mechanically complex. Also, their flight dynamics are complex and not always well suited to UAV
control.
Lighter-than-air aircraft such as airships or balloons benefit from their passive buoyancy to
counteract their weight but, due to the volume of gas and therefore size usually required to achieve
this, tend to be very slow and difficult to maneuverer especially in high-wind conditions.
4.1.4

Roles & Requirements

Due to the relatively low living cost and therefore labour costs in Morocco, UAV use will be
restricted to those roles that particularly require or would benefit from the specific capabilities they
can provide. Critically, this will not include ground agriculture, logistics or land management. This
is in the interest of avoiding any detrimental effects to the local socioeconomic state.
Specifically, there will be only two types of UAV in use:
A. Observation – a light-weight, low-power autonomous aerial platform that will periodically
perform long high-altitude flights to provide live information regarding the site
B. Tool deployment – a relatively high-power autonomous aircraft that will perform ondemand tasks as required by other project activities or in response to a particular event
Both UAV types should have multiple aircraft ready for flight from a small UAV base, although
only one is likely to be in flight at most times.
The primary function of the Type A aircraft is to provide a platform for the measurement and
observation system that is described in 4.1.8, and the requirements going forward have been defined
as such.
4.1.5

Aircraft

To fulfil the requirements above, two aircraft designs are required. These are intentionally very
different as they make use of the inherent differences in the aircraft concept used to match the needs
of their roles.
As suggested in 4.1.2, both UAVs will be autonomous due to the repetitive nature of many of their
tasks. Limited use of UAVs as opposed to a labour force for these roles should improve both the
efficiency of task completion and the contentment of the ground workforce.
Although propulsion in both cases could be from a wide range of sources (common alternatives are
internal combustion and gas turbine systems), battery-driven electric propulsion will be used as it
gives a high efficiency for the small scale of these aircraft and enables to use of renewable energy
– important to improve the sustainability of the project.
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To approximate the characteristics of each aircraft, the early stages of a design process was
undertaken for each. This was based on an optimisation scheme constrained by equations (1) and
(2) and the following equations and assumptions:
1
𝐿 = 𝐶𝐿 𝜌𝑢2 𝐴𝑃
2

(1)

Where L is aerodynamic lift over a wing, CL is the coefficient of lift of the wing, ⍴ is air density, u
is air velocity and AP is the planform area of the wing.
1
𝐷 = 𝐶𝐷 𝜌𝑢2 𝐴𝑅
2

(2)

Where D is aerodynamic drag, CD is the coefficient of drag, ⍴ is air density, u is air velocity and AR
is the reference area of any given body.
Assumptions included:
•

A typical wing CL of 1.75

•

A typical wing CD of 0.05

•

A typical fuselage CD of 0.15

•

A wing aspect ratio of 15

•

Linear relationships of propulsion system scaling – between mass, thrust and current

The results of these processes are shown in Table 5 and Table 6 respectively.
4.1.5.1

Type A

UAV Type A should be a fixed-wing aircraft, thereby making use of its aerodynamic lift and passive
stability to increase range and endurance as it is required to scan a large portion of the project site
during a single flight. The high manoeuvrability and flexibility of a rotor-wing aircraft is not
required as the majority of its activities will be at a relatively high altitude with no need for fast
adjustment of flight.
In the case that a higher detailed scan is required, the aircraft can be brought slowly down to a lower
altitude and multiple passes over the target area completed. Observations will be transmitted in real
time to the mission control centre for automatic processing and, if required, viewing by personnel.
The processing algorithms there will flag any points of interest and respond accordingly if approved
by the control personnel. For instance, if a Type A UAV were to observe a forest fire within the site
it could quickly relay the position to any airborne Type B UAVs. These would then fly quickly to
the area and begin to extinguish the fire where appropriate.
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Following processing, all captured data will be made available to project scientists and managers
to provide an evidence base for studies of the state of the site and progress of the project. For
instance, tracking of livestock movements and their impact on land quality would enable
improvement of the herding techniques used going forward – as suggested in 4.7.2.
To provide a cost estimate, a suitable commercially available aircraft would be the Applied
Aeronautics Albatros. The performance metrics of this are shown in Table 5.
Table 5: UAV Type A Performance Metrics

Design Results

Albatros

MTOW

6.5 kg

10 kg

Payload Capacity

1 kg

4.4 kg

Endurance

5.2 hours

5 hours

Range

110 km

160 km

Top Speed

107 km/h

145 km/h

Cost

N/A

$1750

4.1.5.2

Type B

UAV Type B should be a multi-rotor aircraft, thereby making use of the concept’s increased
manoeuvrability and ability to hover to expand its task flexibility. To enable a fast-response role
that may be required at any time, the aircraft should carry at all times deployable modules for:
•

A first aid kit, deliverable by parachute

•

A limited foam/water jet system for firefighting

•

A basic wide-angle video camera suite to feed back to the mission control centre

In addition to these essentials, the UAV should include a fixture that allows for fitting of a number
of other task-specific modules by ground technicians:
•

Agriculture package for seed dropping, crop spraying etc.

•

Logistics package including a powered winch for lifting and transport

•

Communications package including flood lights and speakers

The thrust-to-weight ratio of the propulsion system should be high for this aircraft, enabling both
high-speed flight when unloaded or transport/lifting capabilities.
To provide a cost estimate, a suitable commercially available aircraft would be the Freefly Systems
Alta 8. The performance characteristics of this are shown in Table 6.
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Table 6: UAV Type B Performance Metrics

Design Results

Alta 8

MTOW

6.9 kg

18.1 kg

Payload Capacity

3 kg

8 kg

Endurance

15 minutes

35 minutes

Range

3 km

Not Provided

Top Speed

60 km/h

Not Provided

Cost

N/A

$17,495

4.1.6

Aircraft Operations

UAV use will require a central base to support operations and to take-off from and land. This would
need to include a runway for fixed-wing take-off and a mission control centre but will be kept to a
minimum in order to reduce costs and environmental impacts.
A central location has been selected to allow uniform access to the entirety of the project site and
is shown in Figure 14. The location has a high elevation to reduce energy required to reach altitude
and therefore noise impacts on the surrounding area. The predicted base size will be approximately
1 km2 and is intentionally situated 5 km from the town of Ribate El Kheir to provide good
connections to the R504 road infrastructure.
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Figure 14: UAV Operations Centre Location

UAV operations, although largely autonomous, will require personnel to maximise safety, maintain
and refit the aircraft for different tasks. In case of a dual autonomy malfunction or other safetycritical issue, it is important to maintain two pilots at the operations centre during all flights.
However, as maintenance activities will be sparser, the UAV and centre maintenance roles will be
combined to reduce costs.
•

2 full-time UAV pilots

•

1 full-time maintenance technician
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4.1.7

Costs

Table 7 provides an estimation of the costs incurred by the use of UAVs.
Table 7: UAV Costs Table

Quantity

Description

Capital

Annual

Total

Total

Cost (per Cost

Capital

Annual

unit)

Cost

Cost

$3700

$500

(per

Notes

unit)
2

Type A

$1850

$250

drone

$1750 per drone +
$40 observation
system + $60
modifications

2

Type B

$20,495

$1,500

$40,990

$3,000

drone

$17,495 per drone
+ $2500 modules
+ $500
modifications

1

Mission

$100,000

$1,500

$100,000

$1,500

control
centre
1

Runway

$25,000

$1,000

$25,000

$1,000

2

Pilot salary

N/A

$19,864

N/A

$39,728

Based on a skilled
working wage of
2 × $4.24/hour
over a 45 hour
week (see 6.2)

1

Maintenance

N/A

$14,882

N/A

$29,764

salary

Based on a skilled
working wage of
1.5 × $4.24/hour
over a 45 hour
week (see 6.2)

1

Type A

N/A

$99

N/A

drone power

$99

Based on an
electricity cost of
1.6 MAD/kWh
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[20], power usage
of 0.4 kW and a
flight time of 4
hours per day
1

Type B

N/A

$173

N/A

$173

drone power

Based on an
electricity cost of
1.6 MAD/kWh
[20], power usage
of 2.8 kW and a
flight time of 1
hour per day

$169,690
4.1.8

$74,764

Sustainability

Morocco has a significant renewable energy sector, which produced 31.4% of the country’s
electricity in 2015 [21]. Wherever possible, renewable energy will therefore be used for all UAV
operations. While renewable electricity production does have a small carbon footprint associated
with construction and logistics, this is very small in the context of the large amounts energy each
facility creates.
UAV flight itself has no operational carbon impact as the aircraft simply convert electro-chemical
energy into emissionless thrust to sustain flight. Considering a broader cradle-to-grave life cycle
analysis, their only carbon footprint is therefore in the production of the aircraft, their transport to
the operations centre and ongoing maintenance.
Estimates taken of these contributions lead to a total carbon footprint that is negligible when
compared to that of the project as a whole or even the commercial impact that will fly over the
project site.
The low-altitude flight of these aircraft will of course have other minor environmental impacts such
as interfering with the auditory and visual habitats of local fauna. This is one of the reasons that the
number of UAVs in flight will be kept to a minimum. In fact, the flight profiles of each drone type
will be so as to minimise this and will have a very small impact radius of ~1 km when compared to
the size of the project size.
Whilst these are not the only factors that have been considered, the sustainability of the proposed
UAV programme is very high as it involves reusable aircraft with no operational emissions that can
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operate many thousands of flight hours without any significant impact on the environment or the
sustainability of their use.
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4.2 MONITORING SYSTEMS [JOEL FERNANDEZ]
To keep track of progress, monitor success and be able to intervene when required, systems are
needed to monitor different parts of the project. Monitoring systems can be used to keep track of
the plant growth, to check how soil quality is improving, to know how to distribute water and also
to watch for changes in the local climate due to the project activities.
4.2.1

Plant Growth Monitoring

During the phase for which tree seeds are planted in pots (see section 4.6.4), the seedling growth
should be monitored by a plant supervisor who will measure the height and girth of each seedling.
This will allow accurate growth charts to be developed for the first four to five months, before the
seedlings are planted. This way, adequate care can be provided for each individual plant. The
growth information should be kept in the database mentioned in section 4.6.4. This will generate
information for the ‘average’ tree growth in the area that can be used to notice if there are issues in
the growth of a specific plant.
For the first two years after the trees have been transferred to the ground, weekly patrols should be
made to monitor the tree growth among the undergrowth, to make sure the trees are breaking
through the undergrowth as expected.
After two years of the trees having been transferred to the ground, monitoring will be more about
distribution of additional water, from harvesting techniques, and ensuring that nothing is disrupting
the growth of the population of trees. It is expected that some trees will not survive, due to the
approximate 80 % survivability rate of the chosen tree, Pinus halepensis (see section 4.6.1). A good
way to gauge the health of plant life is with infrared light, as demonstrated by Figure 15 [22]
showing an infrared satellite image of a forest fire in Colorado.

Figure 15: Infrared Satellite Image of Forest Fires in Colorado [22]
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Figure 15 has false colour to demonstrate the areas of healthier trees. The darker red areas show
flora of poor health, the light red areas show healthier flora, the grey areas are where the flora has
deceased.
Healthier flora reflects more near-infrared (NIR) light (approx. 0.75 – 1.25 µm wavelength) than
unhealthy flora [23]. These plants have a larger build-up of mesophyll which is responsible for this
light reflection. As such, to map where the healthier plants are growing, cameras with filters that
allow only NIR wavelengths to be captured should image the whole site area once a week, this can
be achieved with UAVs (see section 4.1) on preprogramed flight paths. False colour can be applied
to the NIR images and all the images can be graphically stitched together to be able to see any clear
areas where trees are unhealthy. The reason these trees are unhealthy can subsequently be
diagnosed. If there is a major cause for concern, this may be followed by an intervention.
The monitoring systems on board the UAV should be a Raspberry Pi 3+ microcomputer [24] with
its 8 MP camera module for visible light imaging and NoIR camera module for infrared imaging
(so called as it has no infrared filter). This microcomputer and these camera modules are chosen
due to: their compatibility with each other; low mass of each component for decreased power
requirements of the UAV, the Raspberry Pi 3+ with a mass of 45 g, the NoIR module of 3 g and
the camera module with mass 3 g; and these components are low cost, the cumulative cost of all
three components at ~$100. The two cameras should be on a controllable gimble so that manual
images can be taken as well as the automatic images. The visible light cameras can also be used to
monitor water harvesting systems for any maintenance they require (see section 4.4.1).
4.2.2

Soil Monitoring

Three different indicator types exist for soil monitoring, these are physical, chemical and biological
indicators. One indicator of each type was selected for monitoring to represent that type.
Soil moisture capacity was selected as the representative of the physical indicators because
improving the soil quality in arid regions will result in soils that can store more water [25], also
allowing for an improved infiltration rate (the speed at which the water penetrates the soil). This
metric is required to be measured in the locations of reforestation anyway, to ensure the plant life
receives the correct amount of water.
Soil acidity was chosen as the chemical indicator for monitoring because different chemical makeup of soil will lead to different pH levels [26]. It also affects the physical, chemical and biological
nature of the soil making it a very important property to monitor [26].
Biological indicators of soil quality may take years to show any change, however when the soil
supports more life it is a clear indication of improving soil quality [27]. Because it can take a while
to see changes in different indicators, more indicators were chosen to monitor this.
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4.2.2.1

Soil Moisture Capacity

The first method by which soil moisture can be measured is taking samples of soil from different
locations in the site area, recording mass measurements, removing all the water from the soil (e.g.
by evaporation) and taking another measurement of mass. The soil moisture capacity can be
represented by the percentage of the total mass that was removed from the soil. The advantage of
this method is that it is low cost. The disadvantages of this method are that it must be done in many
locations as the soil moisture will vary across a large area; the point chosen for measuring the
moisture content may be anomalous for the area it is supposed to represent; and it may take a time
to remove the water from the soil.
Another method that can measure soil moisture at precise locations is by applying a potential
difference across a fixed distance of soil [28]. Different resistances are representative of different
levels of moisture. By measuring the resistance against recorded calibration values for specific
levels of moisture in soil it is possible to measure the level of moisture in the soil just by pushing
two electrodes at a fixed distance from each other into the ground. Like the mass ratio method, this
will only measure the moisture content at a precise point, however it does not require the timeconsuming process of taking soil samples back to a lab to remove the water. This method is less
accurate than the mass ratio method as other metrics may affect the resistivity of the soil.
An alternate method to measure soil moisture is by monitoring the cosmic rays being reflected back
from the Earth [28]. A cosmic ray soil moisture sensor (CRS) can be used to measure the proportion
of cosmic rays being reflected by the ground over an area of 400 m diameter. When soil is moister,
the water molecules reflect more of these cosmic rays. The system measures the proportion of rays
being reflected against its calibration data to work out the percentage soil moisture across the area.
The advantage of this method is that it allows measurement across a vast area rather than at a single
point. Disadvantages are that this method requires a long calibration process and the system may
have to be recalibrated frequently with the growth of flora. Also, the presence of forestry has been
found to disrupt the results [29].
Soil moisture content must be recorded in areas of reforestation, where growing trees will lead to
repeated calibration, the CRS is not suitable for these areas. To cover all areas where flora is not
being planted, CRS can be used as it works over a large area and the data can be transmitted back
to a monitoring station, saving the cost of labour going to the more remote locations in the site area.
These can be positioned approximately 1 km apart in a grid formation across the whole site area,
requiring approximately 1,600 CRS. The area this covers will be 200 km2 across the 5000 km2 site
area, however as it will be across the whole site area, this gives a sufficient representation of the
soil moisture in these areas.
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For its short time to achieve results, the method of measuring soil moisture by resistivity was
selected for use in the tree growing areas. To overcome the issues of anomalies in each location,
three soil samples should be checked at each location chosen for soil moisture monitoring. This
way anomalous results are more easily discovered and can be ignored. However, at least two results
should be within ± 5 % of each other or more samples should be measured from that location.
Samples should be taken from locations in a grid so that each location is 500 m apart. The
measurements should ideally be taken for each location twice a week, but two days should be given
between rainfall and measurements so that the water not stored in the soil is given time to drain
[25]. If robotics were to be used for monitoring, a robot could be positioned at each location to carry
out this task and have the data transmitted back to a monitoring station.
4.2.2.2

Soil pH

Another metric relating to soil quality is the acidity of the soil. Soil of better quality will be able to
host more species of flora. If the pH of the soil is not appropriate for a species, it will not grow. For
Pinus halepensis to thrive it is recommended that the soil be neutral, between pH 6.1 and 7.8 [30].
Most plants thrive between pH 6 and 7 [31], slightly more acidic than neutral, so this is the target
region. To monitor this, pH indicators that change colour at these pH values should be selected or
an electronic pH indicator can be used.
The indicators that are effective in this region are universal indicator solution (pH 4 to 10),
chlorophenol red (pH 5.2 to 8.8), and bromothymol blue (pH 6 to 7.6) [32]. These require a skilled
worker to produce and introduces risks, as it requires the combination of different chemicals, this
means that this method is expensive. The results can be subjective as they are based on the opinion
of the one taking the measurements. Due to these reasons, this method is unsuitable for measuring
pH in this project.
Electronic pH meters exist that measure the pH of soil by measuring the voltage of a solution and
comparing that to the calibration values of the voltage across solutions of known pH [33]. This
works because pH is a logarithmic measure of hydrogen H+ ions in a solution, so the more H+ ions,
the larger the potential difference. A problem with this method is that it requires the soil to be
sufficiently moist to allow for the transport of these ions. If the soil is too dry, a measured quantity
of deionised water should be added to a large measured sample of soil to measure the pH. It is
possible to purchase electronic pH meters with an accuracy of ± 0.2 pH for $65 per instrument [34],
these do not require a skilled worker to use.
Due to the simplicity and low cost of the electronic pH meters method it was decided to use these.
Soil acidity should be measured across the whole site area to be able to show that the methods of
improving soil quality are working the way they are intended. By mapping soil acidity, it will be
possible to compare soil improvement methods.
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4.2.2.3

Soil Biology Monitoring

A method for monitoring the biological quality of the soil is by measuring biodiversity by counting
the number of different plant species present. This could be unrepresentative of the soil as the soil
could be biologically healthy, but plant species may have not yet been introduced. This method may
be useful at a later stage. Each year different locations in the site area should have a species count.
If the soil quality improves, this number should eventually increase in each location. This method
is low cost and does not require any specialist equipment, however it may be difficult to distinguish
between different plant species, requiring a botanist.
Another method to be used is to monitor the carbon dioxide levels in the area [35]. If these vary it
could be an indication of respiration of microorganisms in the soil, a clear sign that the soil is
biologically thriving. To make sure that this is not just the result of carbon dioxide emissions and
climate change, a control test of air in another nearby location should be carried out. This method
will require a scientist to measure the amount of carbon dioxide in the air samples.
4.2.3

Weather Monitoring

To be able to track whether the actions of reversing desertification and reforestation are influencing
the local climate, the weather should be monitored. Monitoring the weather should include rainfall,
wind, temperature and pressure tracking. To make sure that the weather is not just following the
previous weather patterns, the data gathered from the site location should be compared with data
from other nearby weather stations.
This monitoring can be achieved using commercially available weather monitoring stations. These
have capability to measure all the weather-related metrics. Commercially available weather
monitoring stations can cost ~$150 (e.g. Bresser wireless weather station [36]), but more accurate
models are available with prices >$1,000. This weather should be recorded daily for each location.
If the campus concept (see section 7.3) were to be used, in an expanded version of this project, a
weather station would be at each of these campuses. At least one such weather station should be on
the site location and at least one should be off, or the data can be acquired from weather stations
used for forecasting or air traffic as off-site sources. One weather station for every 1000 km2 area
is recommended (five for this site area).
4.2.4

Finance & Environmental Impact

The costs associated with monitoring systems were divided up into capital and variable costs (see
appendix section 10.2.5). These were estimated at approximately $921,000 in capital costs. This
was increased mainly by the cost of the CRS soil moisture monitoring systems of which a large
quantity was required, however this system reduced the number of monitoring staff required, as
otherwise many more soil moisture measurements would have to be carried out across the site area
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manually, which would cost more over time. The variable costs are approximately $180,000 per
annum. More financial information is available in section 5.4.
The largest part of the CO2 costs associated with the monitoring systems are the annual costs of
running the laboratory for biological soil monitoring. This was the sole variable cost of this section
giving 28,307 kg CO2 e/ annum. The capital CO2 costs were due to the electronics that were
required. The total capital CO2 cost of this section was calculated at 38,532 kg CO2 e. For the
environmental impact tables, see appendix section 10.3.4. For more information on environmental
impact see section 6.4.
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4.3 ROBOTICS [JAMES MARKS]
4.3.1

Introduction

Robotics consists of the use of machines to autonomously perform tasks that have traditionally been
done by human beings. They are already widely used in industries such as agriculture. The potential
tasks for robots for reforestation and reversing desertification is to perform the human-intensive
tasks at a lower financial cost and to work in places where a human can’t work.
4.3.2

Analysis of Robots

The main tasks in the process of reforestation will be the preparation of the ground, the planting of
trees and the monitoring and aftercare of trees.
Robots have been used for de-weeding, using computer vision to recognise weeds and then using
targeted herbicides to kill the weeds. This is a much cheaper method than using humans to weed, it
is also a much more environmentally friendly method as using targeted herbicide reduces the
volume of herbicide consumed. The ecoroboticx robot [37] is an agricultural robot that weeds fields,
it can cover about one hectare a day and costs $18,750 per robot, it runs off renewable energy using
solar panels. This robot could be used in Morocco to look after the trees after they have been
planted, it is suitable because it uses renewable solar power which is abundant in Morocco, this is
essential as the area that is being replanted in Morocco is mostly off the grid. The downside of using
a robot based on computer vision is that the software will need to be trained on the Moroccan plants
and the Moroccan weeds which will take time and there will be an additional cost to training and
testing the robot.
For planting a seed, a robot needs to dig a hole and place a seed in it. The wall-ye robot can perform
this task, it has solar panels and rechargeable batteries, it is able to sow seeds and can be upgraded
to perform additional tasks. The price of the robot starts at $10,000, the cost of the robot with the
required upgrades is unknown.
The preparation of land for use by farmers has recently been automated and it is possible for a
tractor to be programmed with a route and then follow it using GPS and prepare a field without
human intervention. While this works for farmers preparing a field, it will not work for us, this is
because the way in which the land needs to be prepared for water harvesting is too complicated for
machinery currently on the market and the machines that are capable of autonomously preparing
soil in a field are very expensive and require specialist knowledge to use.
4.3.3

Implementation in Morocco

The biggest factors that affect if robots should be used is the local labour force in the region, the
supply of labour and the cost of labour.
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The site area in Morocco is next to the city of Fez and has several small towns and villages in the
area, there should be an adequate supply of labour to the site area.
Since there is a supply of labour in the area the choice between a robotic solution will be dependent
on the financial cost and the cheapest solution would probably be the best. In Morocco the minimum
wage is $2.63, the average agricultural worker earns around this value [38].
To estimate the cost of using humans a range of tasks it has been assumed that a worker can work
8-hour days, there will be a cost for purchasing the equipment and water, there will be a cost for
transporting workers to the area being worked and lunch will need to be supplied for each worker.
Additionally, for plant aftercare, there will be additional costs for measurement equipment. Full
details of the calculation are provided in appendix 10.3.5.
Table 8: A table comparing the costs between robots and humans performing agricultural tasks in Morocco

Work source

Plant monitoring and

Planting trees and shrubs

aftercare (cost per hectare)

(cost per hectare)

Autonomous robot*

$25.75

N/A

Human labour in Morocco

$15.25

$12.76

From the Table 8 you can see that using humans to do the work is cheaper than using robots in
Morocco, this is because of the low minimum wage in Morocco. Therefore, I would recommend
the use of humans to do the manual labour as it is cheaper than the use of robots.
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4.4 WATER LOGISTICS
4.4.1
4.4.1.1

Harvesting [Jack Wood]
Introduction

Morocco has implemented several practices to help improve water supply over the last four decades
including water planning policies, improvements in usage efficiency and research. There are now
several thousand boreholes and wells and 140 large dams. However, the effects of climate change,
the variation in annual rainfall by a factor of 10 within the year, high evapotranspiration losses (118
billion m3 per year) [39], a growing population and overexploitation of groundwater resources
means that agriculture and vegetation still suffer from a lack of water supply [40].
Consequently, it was necessary to assess the advantages and disadvantages of water harvesting
techniques for irrigation purposes. As described in the Inception Report [10], water harvesting
techniques are categorised into two types of micro-catchment methods (rooftop and on-farm) and
two types of macro-catchment methods (wadi and off-wadi).
From a project point of view, it was important that the economic and environmental costs and
benefits of the four types are compared. This would ensure the appropriate water harvesting
techniques can be selected (if at all) in certain regions of the site area, based on resource availability,
climate and land considerations and existing and future water demand. Capital costs have been
estimated using the most appropriate data provided in [41] and where possible compared with the
costs described by a suitable case study. A similar approach was taken for the environmental impact
assessment.
It is important to consider the wider impact of the project on local residents and the surrounding
environment. Therefore, a socio-economic assessment is made for each of the macro techniques
(micro techniques are both very small-scale and usually benefit the small number of people they
affect). It is difficult to quantify these impacts and so where possible they are supported with
quantitative figures from case-studies. The use of case studies serves as a validation that the site
area in Morocco is representative of the target region. Case-studies also provide a means for
verifying the methods used to calculate economic and environmental costs.
4.4.1.2

Economic Assessment Methodology

[41] provides a comprehensive list of prices for a variety of external and landscaping work. Prices
given by [41] exclude value-added tax (VAT), overhead and profit and include multiple from the
following as appropriate: labour, machinery, materials and delivery. The values given are as a total
cost for a specified amount of work (for example per area or per unit). The data is given in Great
British Pounds (GBP) but the values used in this report are in US$, with an exchange rate of 1 GBP
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= 1.3 US$, the average of the last 3 years [42]. [43] provides some data on the approximate range
of areas that each technique can be applied to. Using this, a practical area (and the relative cost
calculated) for each technique was determined by considering:
•

minimum and maximum areas possible to be covered by technique

•

resources required for the work

•

limitations of available material – for example, most commonly available sizes

Much of the work and materials required for the water harvesting techniques was included in the
data. In some cases, approximations have been made and the most appropriate costing has been
applied. The economic assessment does not consider the cost in labour for planting trees, since this
is not something that is unique to each of the water harvesting techniques. These costs will be
covered in section 5.4. In this economic assessment, maintenance costs have not been considered.
The justifications for this decision are as follows:
•

Insufficient data was available to fairly compare each water harvesting technique on its
maintenance costs.

•

Maintenance costs are commonly approximated as a percentage of the capital cost, and so
a comparison of capital costs only is sufficient.

4.4.1.3

Environmental Assessment Methodology

The impacts of transport of materials, construction and continued-use have been evaluated in a
quantitative way where possible. To achieve this quantitative assessment, the UK Government’s
Greenhouse Gas Conversion Factors were used [44].
The tables provided in [44] contain multiplier values to calculate greenhouse gas emissions per unit
of activity data for a variety of different activities. The multiplier value assumes they are extracted,
processed, manufactured and transported to the point of sale. Multipliers provide a means for
calculating the kilograms of carbon dioxide (or equivalent) (kgCO2e) for each process involved in
the technique. The use of UK multiplier values to calculate the environmental impact of each
technique is acceptable because:
•

The appropriate data could not be sourced for Morocco or a country of similar socioeconomic level.

•

The target region consists of multiple countries with a similar socio-economic level to the
UK and an important aspect of this assessment of techniques is to ensure the assessment is
representative of the impacts to the entire target region rather than only Morocco.

•

The values calculated here are simply being used for comparison between techniques and
therefore serve as a means for assessing the relative impacts of one technique compared to
another.
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It is sensible to use the kgCO2e indicator because it quantifies an action’s severity in a way that is
comparable across all industries and processes. One reason for this simple comparison is the
availability of multiplier data for a broad range of processes, meaning multiple indicators need not
be used. Additionally, carbon dioxide emission is a ubiquitous indicator and even though it is
important to consider that processes will affect the environment in other ways, it is unnecessary to
consider all possible impacts at this comparative stage.
The multiplier values provided by [44] are calculated from economic input-output tables. Inputoutput tables show the amount of money spent by one industry in its contribution to the production
of another industry’s outputs. These values build up a transaction matrix. Technical coefficients can
then be calculated for each industry pairing, from the ratio of one industry’s input to the total output
of the other industry. ‘Satellite’ (additional) rows can be added to input-output tables to apply these
technical coefficients to, for example, environmental impact indicators. Matrix algebra is used to
calculate the relative worth of the environmental impact indicator of each industry [45]. For the
multipliers used in this assessment, kgCO2e emissions are used as the satellite row by [44].
It is assumed that materials will be obtained from a primary source, when in fact materials could be
obtained from secondary sources (for example recycled material). Existing structures could also be
used. For consistent comparison it is appropriate to assume that materials for all systems are
obtained from primary sources, unless obtaining material from secondary sources is an inherent
part of the construction of a system.
4.4.1.4

Off-Wadi Macro-Harvesting Assessment

Off-wadi macro-harvesting techniques divert water from a large catchment area to other cropping
areas. The catchment area is usually a reservoir, wadi-bed or river [43]. The diverted water feeds
into an irrigation system that could take the form of any or multiple of the micro-catchment methods
described in the Inception Report [10] and in section 4.4.1.6. If water is to be diverted to a suitable
area nearby, usually within 500 m, canals constructed from gabions are commonly used because
the durability of the canals is key to the longevity of the system [43]. It is not uncommon for water
to be diverted longer distances, using man-made rivers or pipes, if the water source is abundant and
consistent enough - see section 4.4.2. Typical gabion diversion canals have a width and depth of 1
m and contain water with two rows of gabions each also 1 m wide. Appendix 10.2.2 shows the
breakdown of costs. The total cost for materials, construction and labour for a typical off-wadi
gabion canal system is shown to be $57,720.
For the environmental impact assessment, a density of 1600 kg / m3 was assumed for rubble [46]
and 2320 kg / m3 for concrete [47]. The average fuel consumption for an excavator was taken as
22.73 L / hour [48]. Appendix 10.3.1 shows the breakdown of kgCO2e release into the atmosphere
as a result of the mining, processing, manufacturing and transportation of materials, as well as the
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fuel consumption in excavation. The extraction, processing and transportation associated with one
typical system is shown to produce 28,410.36 kgCO2e.
There are several socio-economic advantages and disadvantages that are unique to off-wadi water
diversion systems. The advantages are:
•

Increased irrigation improving crop yields and agriculture, reducing famine and/or
increasing income from crop farming. This would help the proposal to meet Requirement
017 as defined in Section 2.1.

•

Increased availability of water in the vicinity for drinking, resulting in an improvement in
local quality of life and helping countries to work towards Sustainable Development Goal
6 [49].

Whilst the disadvantages are:
•

Possible reduction in supply of water downstream, reducing water available for irrigation
or drinking in other communities.

•

Damage to small-scale ecosystems because of large scale construction projects.

•

Forced relocation of locals due to a requirement of land, or as a secondary impact like
flooding.

4.4.1.5

Wadi-bed Macro-Harvesting Assessment

Wadi-bed water harvesting systems capture water from ephemeral flow of water along wadis or
river beds. The water is often supplied by flash floods or heavy rainfall and is used for irrigation in
the immediate vicinity. A typical wadi-bed system could comprise of a small dam across the wadi
creating a reservoir (for this assessment assume a wadi-bed width of 25 m and wadi-bed length of
100 m to calculate material use and reservoir capacity respectively), a network of hill-side conduit
systems / jessour / contour bench terraces on the wadi-bed or a collection of limans at various points
along the wadi. The costs for each are broken down in Appendix 10.2.2. Several assumptions about
size have been made for each technique, as described in the table. The values represent the cost of
material and labour for one typically sized system of each technique, based on the range of
dimensions provided by [43]. It is also assumed that a liman is constructed at the base of a slope,
so only excavation of the catchment area is required, as opposed to the slope as well.
Often, not all three types of wadi-bed techniques will be used in one area, more commonly it is
several of one type in series or adjacent to one another. From Appendix 10.2.2 it can be calculated
that the average price for one typical wadi-bed system is $18,272.
For the environmental impact assessment, a density of 920 kg / m3 is assumed for low-density
polyethylene (LDPE) [50]. In order to calculate the volume of pipes used in the hill-side conduit
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systems, a wall thickness of 3 mm and a pipe diameter of 400 mm are assumed, giving a material
volume of 0.280 m3. Appendix 10.3.1 shows the breakdown of kgCO2e release into the atmosphere.
As with the off-wadi macro-harvesting techniques, there are several socio-economic impacts whose
significance are inherent from the relatively large sizes of the systems. The advantages are:
•

Potential for tourism, for example sailing on reservoirs. This creates employment,
increasing disposable income and improving the livelihood of locals.

•

Reduction in flooding. Irrigation systems channel water away from areas of abundance to
areas of scarcity and reduce the amount of flooding occurring.

Whilst the disadvantages are:
•

Dams can cause a build-up of silt, reducing fish stocks in the river downstream, which has
an adverse effect on biodiversity and livelihoods. This could have a negative effect on the
ability of the proposal to meet Requirement 018 as defined in Section 2.1.

•

Forced relocation of locals is less likely than for off-wadi systems but remains significant
due to the large scale of the systems.

•

Communities, agriculture and vegetation may become reliant on unreliable flows of water,
causing drastic changes in water availability to locals if water is not stored and distributed
sensibly.

4.4.1.6

On-Farm Micro-Harvesting Assessment

On-farm micro-harvesting techniques make use of the natural or artificially-induced slope of the
land to catch water and direct it to the cropping area. Depending on the land-gradient available or
attainable, the financial resource, the rainfall and the types of plants or trees being grown, different
on-farm micro-harvesting methods can be employed. Table 9 shows the requirements of the
different systems as described by [43] unless stated.
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Table 9: Requirements for the different on-farm micro-harvesting techniques

System

Water

Slope

Suitable

Supply

(%)

Plants

Plant Spacing

Soil

Number of

depth

tree pits

[51]

per
typically
sized
system

Inter-row

Most

harvesting

0-1

Varied

Ridge height

>1m

rainfall

ranges from 0.3 m

required

amounts

to 1 m. Ridge

N/A

spacing ranges
from 1.2 m to 10
m. Plants at least
0.5 m apart.
Contour

Most

Ridges

1-50

Forage,

Ridges 10 m

Can be <

rainfall

grasses,

apart. Row of

0.5 m or

amounts

hardy trees

plants/trees 1-2 m

deeper

N/A

from ridge.
Spaced according
to plant/tree.
Negarims

150-500

1-10

Tree crops

One plant in one

>1m

6 per 1000

mm

like

corner of each

required

m2

rainfall /

pistachio,

negarim (a square

year

apricots,

with sides 5 m -

olives

20 m)

Shrubs,

One tree per

Can be <

6 per 250
m2

Semi-

Annual

1-15

circular /

rainfall up

trees, field

bund. Bunds 5 m

0.5 m or

trapezoidal

to 500

crops

- 10 m wide

deeper

bunds

mm [52]

depending on
plant/tree type.

Meskats

200-400

2-15

Olives,

Spacing is plant-

>1m

mm

vines,

specific

required

rainfall /

wheat,

year

barley
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Vallerani-

Most

type bunds

rainfall

1-15

Varied

Spacing is plant-

0.5 m – 1

specific

m

amounts

Appendix 10.2.2 shows the breakdown of costs for each of the on-farm micro-harvesting
techniques. Assumptions on dimensions have been made, as described in the appendix. The
excavation of pits for tree planting is a cost that is not unique to each technique so is not included
in the total costs. The average price of a typically sized on-farm solution is shown to be $715.221.
An average fuel consumption has been assumed as before for the excavator. For topsoil removal a
tractor with an average fuel consumption of 6.82 L / hour was assumed to be used [53]. The
breakdown is shown in Appendix 10.3.1. The average emission per technique is shown to be
1289.10 kgCO2e.
4.4.1.7

Rooftop Micro-Harvesting Assessment

Appendix 10.2.2 shows the cost breakdown for a typical rooftop micro-harvesting system. The total
cost is shown to be $3035.96. Appendix 10.3.1 shows the kgCO2e emission breakdown for a typical
rooftop micro-harvesting system. In this assessment, a density of 950 kg / m3 has been assumed for
high-density polyethylene (HDPE) and 1380 kg / m3 for polyvinyl chloride (PVC) [50]. The typical
emission for this type of system is shown to be 3971.59 kgCO2e.
4.4.1.8

Case-Study: Vallerani-Type Bunds in Syria

Vallerani-type bunds have been constructed in Syria, particularly in steppe rangelands. In Syria,
rainfall averages 270 mm / year, nearly 90 % of which falls from November to April [54]. Vallerani
ridges and basins were constructed on slopes between 4 % and 6 %. 400 basins were constructed
per hour and 20,000 m2 of land were covered per hour. In doing so, the fuel consumption rate was
7.17 L / hour [55].
This case-study validates the environmental impact assessment of on-farm micro-harvesting
techniques because the water harvesting project occurred in a climate representative of the site area
and target region – Morocco experiences large variations in rainfall within the year and has a similar
annual temperature range to Syria. The bunds were also constructed on slopes of 4 % and 6 %,
consistent with the requirements detailed in Table 9. The fuel consumption figure also serves as a
validation that an appropriate figure for tractor-based fuel consumption has been approximated.
4.4.1.9

Case-Study: Vallerani-Type Bunds in Jordan

The Vallerani plough was used to construct ridges spaced 5 m apart, with a length of 5 m and width
and depth of 0.5 m. The labour cost was US$ 60 / hour and 10,000 m2 was covered in one hour
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[51]. This is similar in magnitude to values given by [41] and therefore the case-study validates the
use of these price estimates.
4.4.1.10 Evaluation
Table 10 shows the cost and environmental impact of each system per km2, water capture / storage
capacities, limitations and benefits of each system. An area of 1 km2 has been chosen for all systems
to allow across-the-board comparison. In some cases, this required scaling the values calculated
previously.
Table 10: summary of the different water harvesting methods

System

Cost ($)

kgCO2e

Max.

per 1 km2

per 1 km2

water

system

system

capacity

Limitations

Benefits and
Profitability

per 1000
m2
Rooftop

3,035,955

2,335,350

Assume

•

Requires

•

No land slope

Micro-

rainfall

connection to

required.

harvestin

of 600

irrigation system •

Filtration system

g

mm /

to distribute

could provide

year and

water over the

drinking water.

80 %

cropping area.

capture
[43]. 48
m3 is
captured
per year.

700 mm

•

Slope 0-1 %

harvestin

over one

•

Soil depth > 1 m

g

rainy

Inter-row

1,092,000

486,620

•

No limitation on
rainfall

•

season

Non-skilled
labour

[51]
Contour
Ridges

1,092,000

486, 620

700 mm

•

Slope 1-25 %

•

Small amount of

over one

shallow ground

rainy

water recharge,

season

sediment build

[51]
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up increases soil
fertility [52]
•

No limitation on
slope, rainfall or
soil depth

•

Non-skilled
labour

Negarims

1,022,112

•

•

16,204,62

1000

0

mm over

area resulting in

labour

one rainy

high

specialises in

season

evapotranspirati

negarim

[51]

on

construction

Large surface

•

Slope < 10 %

•

150-500 mm

Indigenous

rainfall / year
•
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On-farm micro techniques like contour ridges and bunds are both the least expensive and best in
terms of CO2 emissions. Limans are the most expensive but offer drought-resistance benefits if
correct flora are chosen. Hill-side conduit systems, jessour and contour bench terraces have a broad
range of applicability and provide a significant benefit in soil improvement. On the other hand, they
are more expensive so should be used only when appropriate, but their environmental impact is
relatively low. Rooftop systems have both a high cost and relatively high environmental impact as
well as poor land irrigation capabilities (inherent from their local-level scale).
4.4.1.11 Implementation to the Site Area
The following approach was taken to implement water harvesting techniques to the site area:
1. Divide the site area into appropriately sized sectors.
2. Assess the geographical features and the extent to which factors like water supply, slope
gradient and land use vary within each sector.
3. Select the appropriate method(s) for each sector, from the information summarised in Table
10.
4. Define the specifications and engineering requirements for the implementation of the
method(s).
This approach should be adopted when scaling the solution to all other areas within the target
region.
Step 1: Division of Site Area
[56] provides a means for dividing the site. The Sebou river basin is divided into many sub-basins,
several of which are entirely or partly enclosed by the site area. These sub-basins (or portions of)
will be used as the regions of the site area because they are appropriately sized and the data
presented in [56] includes rainfall, runoff and slope variation within each.
Step 2: Assess Variation of Factors
The rainfall, runoff and slope variation within each region is shown in Figure 16, Figure 17 and
Figure 18 and is summarised in Table 11 [56]. The amount of runoff can be used as an indicator for
soil quality, with higher runoff amounts indicating poorer quality since less water infiltrates the
soil.
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Table 11: Annual rainfall (mm), annual runoff (mm) and slope gradient variation (%) for each region within the site
area.

Sector Annual

a

Annual

Slope gradient

Geographic features /

rainfall (mm)

runoff (mm)

variation (%)

land use

421-468

379-424

16-22

Agriculture
Idriss I Reservoir
Major Road (N6)

b

469-548

425-497

16-22

Ammar River-valley
Idriss I Reservoir
Major Road (N6)

c

469-548

425-497

16-22

Forest
Agriculture
Flat-land / low-gradient
plains
River-valleys
Allal al-Fassi Reservoir
Major Road (N6)

d

421-468

379-424

16-22

Forest
Flat-land / low-gradient
plains
River-valleys

e

469-548

425-497

16-22

Tazekka National Park

f

549-620

498-576

9-15

Ifrane National Park

g

549-620

498-576

16-22

Flat-land / low-gradient
plains
River-valleys
Wadi-bed valleys

h

421-468

379-424

23-29

Middle Atlas Mountains
Wadi-bed valleys

i

421-468

379-424

16-22

Middle Atlas Mountains
Wadi-bed valleys

j

469-548

425-497

16-22

Middle Atlas Mountains
Wadi-bed valleys

k

421-468

379-424

23-29

Middle Atlas Mountains
Wadi-bed valleys
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l

421-468

379-424

16-22

Middle Atlas Mountains
Wadi-bed valleys

m

469-548

425-497

23-29

Middle Atlas Mountains
Wadi-bed valleys

a b

f

e
d

c

h

g

i
j

k
l m

Figure 16: rainfall (mm) per year for the Sebou basin in Morocco. The site area is shown in red.
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Figure 17: runoff (mm) per year for the Sebou basin in Morocco. The site area is shown in red.
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Figure 18: slope gradient for the Sebou basin in Morocco. The site area is shown in red.

Step 3: Selection of Water Harvesting Methods and Step 4: Specifications and Requirements
of Specific Solutions
The information gathered in Table 10 and Table 11 can be used to choose the appropriate water
harvesting method(s) for each region within the site area. Once water harvesting methods were
selected, land use was considered by consulting the data collated in ArcGIS and satellite imagery
from Google Earth. This enabled decisions to be made about whether technologies could
realistically be implemented.
Sector A
The path shown in Figure 19 [57], located on the north
edge of the reservoir has a length of approximately 6200
m and follows the coast of the reservoir at a distance of
200 m (an area totalling 1.24 km2). Use of contour
ridges spaced 10 m apart would allow for 20 ridges
across the breadth of the band. Ridges would not be
continuous over the length of the band but can be
assumed to be continuous over most the length,
approximately 6,000 m of it, allowing for 120,000 m of
ridges. Assuming a tree spacing of 10 m (allowing for a
growth radius of 5 m), 12,000 trees could be planted.
Located in breaks between the ridges every 1,000 m,

Figure 19: path indicating the edge of a band

gabion canals would provide extra water from the of contour ridges that can be installed on the
reservoir to supplement rainfall. In total 6 gabion
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north coast of the Idriss I Reservoir

canals would be used here. This approach is applicable in just one other region, also located on the
north edge of the reservoir, further east, in sector B. The growth radius of 5 m is assumed to be
appropriate at this stage but will be evaluated further in section 0. South of the reservoir, the land
is already being used for agriculture.
Sector B
As described, a similarly sized area exists for contour ridges supported by gabion canals on the
north coast of the Idriss I reservoir in sector B, meaning a further 12,000 trees could be planted.
The Ammar river valley is located south of the reservoir. The portion of the Ammar River shown
in Figure 20 [57] does not already have a dense covering of trees on its banks, unlike further north.
This stretch of river, 6 km long, is ideally suited to contour bench terraces and hill-side conduit
systems because the slope of the banks varies between about 25 % and 35 %, as typified in Figure
21 [57] where the average slope is shown to be 31.4 % with use of the Google Earth dimension
tool.

Figure 20: 6 km stretch of the Ammar river, shown in red, which is ideally suited for the application of contour bench
terraces and hill-side conduit systems
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Figure 21: sample gradient at one point along the 6 km stretch of the Ammar river, shown to be 31.4 % on average

It is necessary to assume that the 6 km stretch of the river is of a similar profile, since an analysis
of the whole length is too time-consuming. Typical hill-side conduit systems are 25 m wide, and to
allow adequate spacing it is sensible to assume that three systems can fit within a 100 m stretch of
river bank. The conduit would supply water to bunds, 3 of which could fit within the space of one
conduit system, with widths of 5-10 m. Therefore, in a 100 m stretch of river bank, hill-side conduit
systems would supply water for 9 trees. Contour bench terraces (with a width of 25 m and with two
terraces 25 m apart, assuming a bank height of 50 m as shown) also make use of bunds but in this
system the bunds are located on the terraces. One system could support 6 trees and so 100 m could
support 18 trees. Even though the amount of trees per length of river bank is doubled when using
bench terraces, it is beneficial to have an even share of both systems since the success of the bench
terraces is dependent on the irregular rainfall whereas the trees at the base of the conduit systems
are also supplied water from ephemeral wadi-bed flow (where there is also better soil quality),
provided there is enough surplus to maintain flow. This results in 27 trees per 200 m of river bank.
Along 12 km of banks, this equates to 1,620 trees.
A lot of the land is already in use for agriculture and forestry, however approximately 85 km2 of
low-gradient plains do not have existing agriculture practices or forestry in them in sector B. From
sector A it is known that 12,000 trees can be planted in a 1.24 km2 area using contour ridges. The
soil in the regions highlighted can be assumed to be of low quality as a result of the high runoff.
Even with soil improvement techniques, it is appropriate to be conservative by assuming only one
tenth of the low-gradient slopes can be used to successfully grow trees with contour ridges here, as
a result of the high runoff of water. This allows for approximately 80,000 trees to be planted in the
regions outlined in red in Figure 22 [57]. The large volume of the reservoir makes it an ideal water
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source for large-scale water diversion using pipework. The total number of trees for sector B is
93,620 trees.

Figure 22: locations for contour ridges in Sector B

Sector C
The Amekla and Aggai tributaries flow into the river feeding the Allal al Fassi Reservoir. The
average gradient varies between 16 % and 22 % in the land surrounding the banks and rainfall is
469-548 mm / year. Hill-side conduit systems would be ideal for pairing with on-farm techniques
at the bottom of the river bank where the gradient is much lower – bunds have a good catchment
rate (up to 150 mm per basin during one rainy season) and are suited to annual rainfalls less than
500 mm. Small dams across the river would also be suitable and could provide extra water for the
bench terraces and conduit systems as well as the surrounding flatlands / slopes, where contour
ridges could be used.
Along the Ammai tributary (east of the Amekla), shown in Figure 23 [57], there is a 10 km stretch
with a forested east bank but bare west bank.
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Figure 23: Tributaries and river flowing through sector C into the Allal al-Fassi reservoir

The west bank is steep (in places 40 – 50 %, [57]) and meets the river bed abruptly, leaving no
room for tree growth on the river bed. As a result, hill-side conduit systems would be ineffective.
Instead, contour bench terraces will be used on the banks, as they are suited to the gradient and the
growth of trees on the banks will also improve the soil quality and reduce erosion. The contour
bench terraces should be 25 m wide and 100 m in the slope direction, allowing them to support 36
trees per 100 m stretch of bank. Over 10 km, this totals 3,600 trees. Along the forested east bank,
irrigation of existing trees could be supported in places by small dams or dikes that partition some
of the flow of the river and channel it where needed. Suitable locations are shown by the two pins
in Figure 23. The Amekla tributary is currently entirely forested along its western bank. There is no
significant gradient to the eastern bank, so it cannot be used for hill-side conduit systems or contour
bench terraces. However, the low-gradient plains between the two tributaries cover an area of 25.8
km2, as shown in Figure 24 [57] and are well suited to tree growth supported by contour ridges.
Initially, soil management will be required even for contour ridges to be effective. Overtime, as the
soil quality improves, meskats and negarims could be introduced but these require a minimum soil
depth of 1 m. Since runoff is high, it is sensible to assume that soil quality in this region is poor and
reuse of the 10 % assumption as in sector B creates a useable area of 2.58 km2. Assuming similar
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contour ridge distribution as in sector A, this totals around 25,000 trees. This region could be
supported with water piped from the Idriss I reservoir.

Figure 24: low-gradient plains in between the two tributaries of the river feeding the Allal al-Fassi reservoir. The area
covered by the plains is shown to be 25.8 km2

A similar approach using contour ridges has already been taken in the region west of this, between
the Amekla tributary and the city of Sefrou, including along the extent of the Aggai river banks.
The total number of trees planted in sector C will be 28,600.
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Sector D
The Ammar river valley is located south of the reservoir, a precursor to its flow through sector B.
However, there are several forested areas along each of the rivers flowing through the sector and
on some of the low-gradient slopes in between the rivers, as shown in Figure 25 [57] by the green
outlines.
The plateaus in between the existing forested areas have slopes whose gradients vary between 16
% and 22 %. In places, these plateaus extend into sector C but for simplicity their total area will be

Figure 25: existing forested areas in sector D, leaving little room for further forestry

covered as part of sector D. The region experiences an annual rainfall of 421-468 mm. Water supply
could be supported with water piped from the reservoirs in sectors A and B.
In-between the existing forested areas, it was decided that meskats could be constructed at a later
time in the project once the soil quality has improved sufficiently. The benefits of using meskats is
their high water catchment in comparison to contour ridges. However, due to the poor soil quality
it was decided that initially, contour ridges will be constructed because they have no requirement
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on soil depth. Adopting the 10 % approximation once again, the total land area available to support
contour ridges is 17.4 km2. This allows for the planting of over 168,000 trees.
Sectors E and F
In Sectors E and F, respectively, the Tazekka National Park and the Ifrane National Park dominate
the land. Policies for their conservation are outlined in Section 0.
Sector G
Several wadi-beds exist in sector G, as tributaries to the Amekla and Zloul rivers. The high rainfall
(549-620 mm / year) in sector G enables the use of limans on wadi-beds since they are most
effective when filled to capacity. The along-wadi gradient of the wadi-beds is too shallow for
jessour to be effective.
On the banks of the wadi-beds and river-beds, contour bench terraces as well as combinations of
hill-side conduit systems with bunds should be used, as described in the previous sectors.
It is not appropriate to construct dams across the river-beds in sector G as doing so close to their
source in the Middle Atlas Mountains would reduce the velocity of downstream flow significantly,
and remove a lot of sediment from the water, reducing the effectivity of soil-fertility improvement
in sectors further north. The terrain is too rocky for any of the on-farm methods to be effective.
The wadi-bed that
forms a tributary of
the

Amekla

and

Zloul rivers, shown
in Figure 26 [57], is
ideally suited for the
construction
limans.

A

of
liman

could be excavated
at the point where a
fork of the tributary
joins up with the
main flow near the
middle of the image,
outlined in red. Since
this

area

is

Figure 26: location of a liman with dimensions 130 m x 60 m ideally located so as not to
disrupt the ephemeral flow of water along the wadi-bed

surrounded by steep slopes to the east and the total area experiences relatively high rainfall, the
combination of ephemeral wadi-bed flow and slope runoff would ensure the liman was filled.
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Locating the liman at this junction of wadi-beds also ensures the main flow will not be disrupted
significantly. The dimensions of this rectangular liman are approximately 130 m by 60 m, totalling
about 8000 m2. If trees are planted every 10 m to allow for a 5 m growth radius, then 6 rows of 13
trees will be planted, totalling 78 trees. One other suitable location for a liman was defined further
along the wadi-bed, approximately half the area, allowing for 39 trees to be planted. Hill-side
conduit systems (combined with bunds at the base of the hill where the ground is softer) can also
be used along the extent of the wadi-bed shown in the image, but contour bench terraces would not
be effective as the terrain is too rocky to form bunds or promote growth on the terraces. This would
allow for 9 trees per 100 m, so when scaled to the 18 km stretch of wadi-bed, this totals 1,620 trees.
In total 1,737 trees will be planted in sector G.
Sectors H through M
Sectors H through M have been considered as one because there is a limited number of locations
within the area they encompass that are suitable for water harvesting. Additionally, several of these
span multiple sectors. Mountains (Middle Atlas range) are the dominant geographic feature in
sectors H through M. Additionally, there are wadi-beds created in the bases of their valleys. The
mountains do render some of these areas inaccessible and unsuitable for any water harvesting
methods. The following combinations of annual rainfall and slope gradients exist:
•

421-468 mm and 16-22 % (I, L)

•

469-548 mm and 16-22 % (J)

•

421-468 mm and 23-29 % (H, K)

•

469-548 mm and 23-29 % (M)

The low annual rainfall in sectors H, I, K and L poses a challenge in the selection of appropriate
water harvesting methods, particularly when combined with slopes with 16-22 % gradients, since
runoff is reduced when the gradient is less steep. However, the rocky terrain increases proportions
of runoff and reduces infiltration of water below the surface, rendering contour bench terraces
ineffective in these regions. Consequently, in sectors H, I, K and L, where annual rainfall is 421468 mm and the slopes have gradients between 16 and 29 %, hill-side conduit systems must be used
on valley slopes as a minimum, in support of contour bench terraces, as it is the only method that
can make effective use of the low rainfall and proportionally high runoff amounts. These will divert
water to the base of the valley where plants and trees can be grown on the flat land at the edge of
the wadi-bed or across the wadi-bed as appropriate. The use of inter-row harvesting would be ideal
as they have no requirement on soil depth, but low rainfall renders these systems ineffective.
Meskats are effective with low-rainfall (as low as 200-400 mm / year) and provide a lot of added
value to the soil by increasing sediment concentration. However, their requirement for a soil depth
greater than 1 m means they are not suited to the region. Initially, the best technique to use at the
base of the valleys is contour ridges, which also enhance the quality of the soil and have no
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requirement on soil depth or rainfall. If soil quality was to improve, meskats could be effective in
the future.
One low altitude valley winds south to north through sector H in the south western region of the
sector. Only in a very small number of places are the banks of this valley forested. Figure 27 shows
the gradients of the slopes, more fertile nature of the soil and a location that will be used for a region

Figure 27: a valley running through sector H with usable slope gradients and relatively fertile soil. One location of bunds is
shown.

of semi-circular / trapezoidal bunds. On the banks of the valleys, a mix of hill-side conduit systems
and contour bench terraces will be used to reduce the reliance on contour bench terrace which, while
having a greater tree capacity, are dependent on unreliable rainfall only, as opposed to bunds on the
wadi-bed which will be fed by rainwater diverted by hill-side conduit systems and ephemeral flow
of water along the wadi. As before, this combination provides 27 trees per 200 m of bank. The total
bank length of the two sides of the wadi-bed is 36 km and since rainfall is relatively high in this
sector it can be assumed that all available space can be filled. This totals 4,860 trees.
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The wadi-bed continues in sector I but this portion has
largely been covered by forestry attempts, as shown by
Figure 28 [57] where contouring has been used and
possibly the construction of a small liman or reservoir.
A very shallow wadi-bed spans the width of sector K.
On either side, the plain is surrounded by the steep
peaks of the mountain range and as a result the terrain
across the plain is rocky in most places. However, for a
6 km stretch near the town of Almis Marmoucha the
Azinous wadi-bed is being used to fertilise soil on the
north side of the river over an area of around 8 km2.
Opposite this, on the south side of the river, there is a 6
km2 region that has yet to be forested. Here, contour
ridges will be supplied with water by rainfall and

Figure 28: existing forestry attempts in sector I,
showing contouring and possibly a liman or
reservoir

diversion from the wadi using gabion canals (12, spaced
500 m along the width of the area, each 1 km long). 6 km2 of contour ridges equates to 58,000 trees.
However, the town is dependent on the flow of the water through the wadi, so only one tenth of it
could be used, according to project requirement 015, described in Section 2.1. Supposing wadiwater provided half the water for tree growth, this would reduce the total water availability by 0.45,
having a proportional effect on the amount of land that could become fertile. Consequently, about
31,000 trees could be grown.
In sector J, rainfall is higher and the use of contour ridges and, later in the project, meskats on
low-gradient plains could be effective as a result. It is not appropriate to construct dams across the
wadi-bed since the Middle Atlas Mountains is the source for most of the rivers flowing through
the other sectors of the site area. Dams would significantly reduce downstream flow velocity and
sediment concentration.
Specifically, sector J contains an area of non-forested low-gradient slopes that with the appropriate
modifications to the soil can be used for tree growth with contour ridges as the water harvesting
technique. The lack of soil depth renders negarims and meskats ineffective. As a result, it was
decided that initially, contour ridges will be constructed sine they have no requirement on soil depth.
The area here is 22.8 km2, meaning contour ridges will be constructed on 2.28 km2, by adoption of
the same 10 % assumption as before. This results in the plantation of 22,000 trees.
The rocky, mountainous terrain render sectors L and M practically unusable and so the total number
of trees that can be planted in Sectors H through M is 57,860.
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4.4.1.12 Summary
The network of water harvesting sites is shown in Figure 45 in Section 5.2 .The total cost of
implementing the water harvesting technologies is US$ 69,427,475, the breakdown for which is
summarised in the last table of Appendix 10.2.2. The total emissions associated with the water
harvesting resourcing of materials, transportation of materials and construction for the water
harvesting techniques is 27,903,148 kgCO2e, the breakdown for which is shown in the last table of
Appendix 10.3.1. An approximate estimation of the carbon sequestration capability of the Morocco
site can now be made. According to [58], 19,260,000 m2 of the Pinus Halepensis (selected as the
dominant tree in Section 0) sequesters 1.36 million Mg of carbon per year. The total number of
trees that can be planted is 361,817. Assuming a 5 m planting radius, the Morocco site area has the
potential to sequester 2.01 million Mg carbon per year, equating to 7.37 x 109 kgCO2e. This
approximate value is refined in Section 6.4.
The total amounts of labour person days required for each deployment of techniques is shown in
Table 12, having been calculated and in some cases estimated from data provided by [59]. The I.D.
number corresponds to their location on the site map.
Table 12: numbers of person days required for each deployment of water harvesting techniques

I.D.

Construction

Person Days

1

1.24 km2 contour ridges;

3,720

6 x 200 m gabion canals

168

1.24 km2 contour ridges;

3720

6 x 200 m gabion canals

168

180 hill-side conduit systems (25 m wide. 50 m slope length);

450

180 contour bench terraces (25 m wide, 50 m slope length);

450

1,620 bunds (each set of 3 is approximately 125 m2)

67.5

4

8.5 km2 contour ridges

25,500

5

300 contour bench terraces (25 m wide, 100 m slope length);

1,500

3,600 bunds

150

6

2 x 20 m dams

22.4

7

2.58 km2 contour ridges

7,740

8

17.4 km2 contour ridges

52,200

9

540 hill-side conduit systems (25 m wide. 50 m slope length);

1,350

1,620 bunds

67.5

2

3

10

Liman 130 m by 60 m, totalling about 8000 m2
2

320

11

Liman 65 m by 60 m, totalling about 4000 m .

160

12

540 hill-side conduit systems (25 m wide. 50 m slope length);

1,350

69

540 contour bench terraces (25 m wide. 50 m slope length);

1,350

4,860 bunds

202.5

13

2.28 km2 contour ridges

6,840

14

6 km2 contour ridges;

18,000

12 x 1 km gabion canals

168,000

The total number of person days is 293,495 and the total area to be manipulated for water harvesting
techniques is 43 km2. These values indicate that 147 m2 must be covered in one person-day. This is
a reasonable value since contour ridges account for approximately 90 % of the area to be worked
and these will be entirely produced using machinery. In a small-scale project in Syria, Vallerani
ridges and bunds were constructed on an area of 20,000 m2 in one hour. Even with a labour team of
100 people in the Syria project, this amounts to 1,600 m2 per person per day [55], significantly
higher than the calculated value above. This high value is likely to have resulted from the use of the
specialist Vallerani machinery and also compensates for the difficult terrain of some regions of the
Morocco site area. As a result, these figures verify that the requirement of one person covering 147
m2 per day is feasible.
Table 13 shows the maintenance requirements for each of the water harvesting techniques, along
with the implications of poor maintenance. Maintenance information for each technique is provided
by [43] and [59].
Table 13: summary of the maintenance requirements and the implications of poor maintenance for each of the water
harvesting techniques

Technology

Maintenance

Frequency

Required

Implications of Poor
Maintenance

Contour

Reconstruct ridges

As soon as damage is

Reduced runoff. Plants

Ridges

when the planting

noticed and at the end of

cannot consolidate roots

season is over to

every planting season.

if soil is incompact.

ensure a high runoff.

Additionally, if animals
have roamed over the
area.

Gabion

Inspect structures

After every high rainfall

Large volumes of water

Canals

after high, intense

or storm event and every

wasted if canals cannot

rainfall and storms.

30 years.

contain the flow.

Hill-side

Inspect structures and

After heavy rainfall and at

Bunds at the base of the

Conduit

spillways after heavy

the end of every planting

conduit will not be

Systems

rainfall.

season.

provided with sufficient
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water if spillways are
leaking or blocked.
Contour

Ensure only bunds

Bench

contain plant growth

bunds can hinder

Terraces

to enable excess

distribution of bunds to

water to drain to

lower terraces when

lower terraces.

there is excess.

Bunds

Small Dams

Regular inspection.

Vegetation outside of

Inspection and repair

After heavy rainfall and

Runoff not captured.

of bunds.

storm events, particularly

Plants cannot consolidate

in the first year since the

roots if soil is too

bund was constructed.

incompact.

Observe regularly,

After intense weather

If holes are not plugged,

replace fallen stones.

events and at the end of

the effect of damage is

every planting season.

exacerbated over time.

Typically last for 30 years
without significant
damage.
Limans

Inspect and repair

Immediately after

Potential for

bunds and spillways.

noticing damage.

waterlogging of
unintended areas if
spillways are ineffective,
hindering tree growth
there.

Meskats

Repair damage to

Immediately after

Less runoff captured if

(possible

bunds and water

noticing damage / weeds.

weeds are present and

future use)

diversion mounds.

mounds are damaged.

Keep free of weeds.
Negarims

Repair damage to

After heavy rainfall and

Bund damage can have a

(possible

bunds. Remove

as soon as damage or high

domino effect. Too much

future use)

sediment and weeds.

sedimentation levels are

sediment disrupts soil

Keep soil compacted.

detected.

fertility enhancements.

The observational maintenance required as described in Table 13 can be carried out using the
monitoring solutions explained in Sections 4.1 and 4.1.8.
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4.4.2

Distribution [James Marks]

4.4.2.1

Introduction

In certain regions in the Mediterranean, the local area gets very low amounts of fresh water from
either rainfall or rivers. Within these regions additional water will need to be supplied, this water
can come from rivers or reservoirs and can be manmade or natural.
4.4.2.2

Methods of Water Diversion

Water can be diverted by two main methods, the first is by digging a new river to take water from
a river or reservoir, the other method is to use pumps to move water [60].
Diverting rivers by damming and digging channels is a commonly used technique for irrigation and
construction. A dam is constructed in a river, the purpose is not to create a reservoir but to create a
junction between the original river and the newly dug channel and to control how much water flows
down each path. It is possible to completely divert a river using this technique. The channel is used
as a path for the water to flow from the water source to the target area. Since this is a passive
technique water can’t be moved against gravity.
Using pumps and pipes is an active method of diverting water, it is utilized when gravity is not
enough to move the water from point A to B in the quantity required. It is commonly used for
bringing water from deep in the ground to the surface and is a common feature of water
infrastructure projects, an example of this is the Libyan great man-made river which supplies the
water needs of multiple large cities by drawing water from aquifers beneath the Sahara and using
massive pipelines to transport water to the cities [61]. Water can be pumped from any water source,
this can be underground aquifers in the case of Libya, or it can be from rivers, reservoirs or the sea.
Once the water is pressurized it can be moved in pipes or it can be deposited into open channels. A
summary is shown in Table 14.
Table 14: Comparison of pumping and river diversion methods

Active Pumping

Passive river diversion

Requires expensive pumps and power source

Cost depends on the size of the dam needed,

in addition to the water channel

the size of the river and the length of the water
channel, this is the cheaper method

Can move water against gravity

Water can only flow downwards

High maintenance costs for the pumps and

Once built requires very little maintenance

power source
Easy to control the volume of water being

Difficult to control the volume of water being

diverted

moved without expensive
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4.4.2.3

Implementation in Morocco

In the target site on Morocco, the two areas have access to three water sources: the Idris reservoir,
Allal Al Fassi reservoir, and the Sebou river. The region is too far from the sea to use it as a water
source, and any underground sources are going to be more expensive than using a surface water
source. Within this region there are several problems that need to be faced: the target areas are
generally higher than the available water sources and the area is far away from infrastructure. The
height differential means that just diverting the river won’t be a possible solution here. This leaves
using pumps to move water as the only option.
The best water source to use in the target area is the Allal Al Fassi reservoir. The reservoir is
supplied by the Sebou river, this river has a huge river flow of 137𝑚3 /𝑠 [62], this means that there
is plenty of water available and it will be a sustainable source of water that won’t deprive people
living downstream. The reservoir is very close to the target area, this will mean that there will be
the lowest cost for moving water horizontally. It is a hydroelectric dam and can be used to help
power the pumps. It has the smallest difference in height between the water source and the target
area, this will lower the cost of transporting water vertically.
The area that needs more water is roughly 1.3 × 108 𝑚2, it needs about 100mm additional rainfall
a year. This is means that 1.3 × 107 𝑚3 the additional volume of water will be needed, this is a
total flow rate of 1500 𝑚3 ℎ−1 or 0.41 𝑚3 𝑠 −1 . This is a substantial amount of water that is needed,
the Allal Al Fassir reservoir is supplied by the Sebou river, this river has a flow rate of 137 𝑚3 𝑠 −1 ,
the amount of water that would be used to supply the target site is less than 0.1% of the water that
will flow through the river. This means that we can remove the amount of water that we need
without causing people downstream to go without.
The difference in height between the water source and the target area is an average of 250m, the
power cost can be calculated using equation (3):
𝑃=𝜌

𝑉
𝑔ℎ
𝑡

(3)

Where P = power, 𝜌 = density of water, V = volume of water, g = gravitational constant, h =
difference in height.
This gives an average required power of 1000 KW to pump water from the reservoir to the higher
areas. The Allal Al Fassi reservoir is created by a hydroelectric dam with a power output of 240
MW, this can be used as a renewable source of power for our project. In other projects where there
isn’t a large renewable source of power close to hand solar panels would be the best option.
Once the water has been raised it will need to go into channels to be directed into the water
harvesting channels (see section 4.4.1).There will be a single water channel from the reservoir to
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the middle of the two areas, this will be going uphill so should be a solid pipe rather than an open
channel. Once it has been raised up it can be deposited into open channels in the ground, there will
be multiple channels that will come out and take water into the water harvesting solutions.
The length of the pipe from the reservoir to the areas that transports after uphill needs to be 10.96
Km long and move upwards by 250 m, this gives a length of 1124 m. There will be three channels
going into the left side and three going to the right side, the channels going left need to be an average
of 3.5 Km, the channels going to the right need to be longer and will be 15.13 Km long.
The diameter of the required channel assumed to be cylindrical can be calculated using equation
(4):
4𝑉
𝐷=√
𝑣𝑡

(4)

Where 𝐷 = pipe diameter, 𝑉 = volume of water, 𝑣 = water velocity, and 𝑡 = time taken [63].
The water will be assumed to travel at 1 m/s which is a slow water speed, using a slow speed reduces
the erosion that will occur which should reduce the maintenance of the system. The big pipe
carrying water from the reservoir will need to be 0.96 m diameter. Each of the channels dug into
the earth will carry 1/6 the water that the main channel, this gives a channel diameter of 0.39 m.
The construction of the pipe should be a PVC pipe, this will be cheap and durable. The pipe when
it is carrying water will be very heavy, this means that it should need to be supported to prevent it
from breaking under load and should be buried into the ground. This will have an increased cost in
the short term but will lead to reduced maintenance costs in the long run and a lower chance of a
pipe breaking. The channels that distribute water to the water harvesting solutions will be left as
open channels in the ground, this will reduce the costs of building the channels and it will also be
better environmentally as there is a carbon cost in the production of PVC pipes.
This project will require powerful pumps to push the water uphill and at a large enough flow rate,
we need a minimum flow rate of 1484 m3h-1 and the ability to move water up at least 400 m. There
is a summary of the specifications available at [64], from this range there are two pumps which are
capable of pushing water to the required height, and of those two there is one that is able to move
the required amount of water. The Dickow Multistage centrifugal pump as shown in Figure 29 has
a maximum capacity of 500 𝑚3 ℎ−1 and is capable of moving water up to 400 m vertically. We
would ideally want four pumps for redundancy in case one was to fail. The final product doesn’t
need to have this exact pump, but it will need one with similar specs. An alternative approach could
be to use multiple stages of pumps, but the added complexity would increase the number of points
of failure, therefore this method hasn’t been selected.
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Figure 29: A Dickow multistage centrifugal pump [65]

4.4.2.4

Finances of Morocco Implementation
Table 15: Financial costs of water diversion solution

Item

Information

Total Cost

Notes

Pipe

Each pipe section is the 0.9m

$163,167

[66]

$324000

[67]

$100,000

[67]

diameter and 6m long
Pumps

Unable to find the price of a
large pump, an estimated price
based on the cost of buying
many smaller pumps will be
used instead, 3.7KW pump costs
$1200

Labour to place

An estimate based on the cost of

pumps

installing smaller pumps, to
account for the increased size
and likely cost, the value has
been increased by an order of
magnitude
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Labour to place

A team of five with two diggers

pipes

to dig and install the pipes over

$2504

two weeks
Labour to dig

Assume a team of 5 workers

channels

with a digger can dig and finish

$65104

a 1 Km section of the channel in
5 days
Electricity

Cost per year, calculated using

$350,000

[68]

the power value in section
4.4.2.3

The initial cost of the project is $330,775, every year there would be a $350,000 running cost
4.4.2.5

Sustainability of Water Diversion
Table 16: Carbon costs of implementing water diversion

Item

Information

Cost (KgCO2)

Notes

Pipes

Cost per tonne multiplied by the total

18788

[44]

25831

[44]

[41]

mass of pipes
Pumps

Cost per tonne multiplied by the
estimated total mass of pumps

Labour

An estimate based off similar work

2000000

Electricity

Using power generated from a

0

hydroelectric dam

The total amount of carbon dioxide produced in the construction of a water diversion system is
2,044,619 KgCO2.
4.4.3
4.4.3.1

Desalination [James Marks]
Introduction

Desalination is the process of reducing the salt content of salt water, the reason for using
desalination in a reforestation project is in areas which have salt water or brackish water but either
doesn’t have any fresh water, or the local populace requires all the available fresh water. The
Mediterranean region is restricted on the amount of rainwater that it receives, but it does have access
to the Mediterranean Sea and some underground aquifers. Desalination is starting to be used in
some arid regions in Spain and Israel for agriculture with mixed results [69].
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4.4.3.2

Analysis of The Methods of Desalination

There are several methods of desalinating; reverse osmosis, thermal distillation and electrodialysis
[70], the most commonly used method is reverse osmosis. Reverse osmosis is the process of forcing
salt water under pressure through a selectively permeable membrane that allows water molecules
to pass through but prevents salt ions from passing through. Reverse osmosis and thermal
distillation are the only two methods that are used on a large scale with electrodialysis being a
technology that is still in development.
Electrodialysis is a potential method for desalination that could be used to great effect, this is
because it requires less maintenance then reverse osmosis because it doesn’t use as high pressures
and it doesn’t have a filter that can get damaged and need replacing [71]. In a rural area,
maintenance would be more difficult which would make the more reliable electrodialysis system
better. The problem with electrodialysis is that it is still currently undergoing development and it
hasn’t been tested commercially yet.
Thermal distillation is the use of high temperatures to boil the salt water and pure water condenses.
This method is commonly used for desalination in the Middle East, the reason for this is because
those regions have lower electricity costs and thermal distillation is the most energy-intensive
method they are less affected by it compared to countries like Australia which have high energy
costs and require that some of the desalination plants are powered by renewable sources [72].
A reverse osmosis-based desalination approach is the best way forward, this is because it has a
lower energy cost than thermal distillation and the energy is going to be the biggest cost involved.
Electrodialysis should not be used because it is still under development and the use of it would
create an additional cost as a functional version is developed.
4.4.3.3

Implementation of Desalination

The location for desalination needs a water source and an energy source. The most likely water
source would be the Mediterranean Sea, other possibilities include underground water aquifers such
as those used for the Negev forest in Israel [73]. Desalination is very energy intensive, if possible,
it would be best to place the desalination equipment on the grid, this is because it will provide
reliable power to the desalination equipment. If this is not possible, then the next best option is to
use solar power with batteries, this is because it is a renewable energy source and solar power is
abundant in the Mediterranean, it will provide more power than other renewable energy sources
and it won’t be polluting like diesel generators.
To give a 1-hectare area the equivalent of 300mm of rainfall will require a total volume of 3000 m3
of water in a year, the rough cost of desalinated water is 0.8 - 1.2 $m-3 [72], this includes the
operating costs and capital costs. Since we would be using solar power which is an expensive energy
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source and it will be built in more difficult locations, I am going to assume the upper end of the
cost, this gives an annual cost of roughly $3600 per hectare per year. This is the cost of getting salt
water to fresh water, it doesn't factor in the additional cost of moving water to where it is needed.
4.4.3.4

Use of Desalination in Morocco

The target area is far away from the sea which means that to use seawater will have a high cost of
transporting it kilometers inland and underground salt water aquifers are unknown and would incur
an additional cost for finding them. Additionally, there are multiple alternative fresh water sources
in the target area such as the Sebou river, the Allal Al Fassi reservoir and the Idris reservoir, these
water sources are closer and wouldn’t require the additional cost of desalination. For this region,
desalination is not recommended as the saltwater sources are far away and there are several
alternative freshwater options in the local area.
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4.5 SOIL ENGINEERING [BRYAN CHAN]
4.5.1

Introduction

Desertification is defined by the degradation of land quality where stated by [74] that there is an
urgent need to achieve land degradation neutrality. Particularly, this problem is also very relevant
in the Mediterranean as explained by [75] where desertification comes in the form of soil salinity
build-up whilst declining the land productivity as shown in Spain and Turkey and also as shown in
Section 0. Thus, soil/land quality engineering is a factor that will be tackled in order to combat
desertification. Other than that, the restoration of the land’s productivity will directly facilitate the
reforestation process which is the main target of this project.
In this section, there will be a review of the feasibility several soil engineering techniques in terms
of their effectiveness of decreasing land degradation while enabling the reforestation in 0 to take
place following the implementation of the techniques. Then, the financial and environmental will
then be assessed to determine whether it will be possible to apply this solution to large scale
infrastructure such as this project. Besides that, policies regarding land use that will prevent land
degradation will be discussed to provide further support once the solution has been implemented.
Lastly, this solution will be applied to the site location in section 3.2.4 to give an estimation of the
effectiveness and cost of implementation for this project.
4.5.2

Soil Erosion Control

Soil erosion is a common effect of land degradation in terms of which the physical and chemical
properties of the soil had been altered in such extremes that it causes soil erosion to occur. This
would usually lead to the removal of topsoil which contains high level of organic matter which is
required by vegetation sustenance where it is lost due to the relocation from the soil erosion process
as stated by [76] However, [77] shows that the erodibility of a soil is very hard to quantify due to
the fact that it is a phenomena that involves the physical, chemical and biological property of the
soil. This claims that it is very complicated to be able to quantify soil erodibility which means that
it can be also difficult to evaluate the effectiveness of the solution implemented effectively.
Despite that, there are standardised test such as the ASTM D6572 [78] where it measures how long
a soil sample can hold its shape before crumbling or the Hole Erosion Test by ASTM [79] where
the erodibility of the soil are determined by properties of the soil such as critical shear stress and
also the velocity of the incoming fluid. These tests mentioned above have been used vastly in soils
for construction applications such as setting foundations, pavements, and roads. For instance, soil
stabilisation for erosion control had been used by [80] to treat silty soils that had been formerly very
prone to erosion by increasing its ASTM D6572 Crumb test results from 3 hours to 45 hours as
shown in Figure 30, which is a roughly a magnitude increase in terms of reducing likelihood of soil

79

erosion. Other than that, [81] shows that by treating soils with Portland cement and cemented kiln
dust reduced the soil loss from 1.28m3 to 0.26m3 which is a reduction of factor 6 in terms of soil
erosion improvement as shown in Figure 31

Figure 30: D6572 Crumb test on lime treated soil [80]

Figure 31: Table showing the soil loss of Portland cement and CKD treated soil [81]

The two mentioned techniques previously would prove to be an excellent candidate for the solution
to improve the land quality with supporting data from [80] and [81]. However, these techniques are
usually used for construction purposes thus the soil treated may be very resistant to erosion, but
they are not able support vegetation effectively which may not be suitable for the nature of this
project. This is caused by the increase in penetration resistance and reduction in porosity of the soil
which are caused by the standard procedures of treating soils for construction purposes which are
crucial for the vegetation’s root and also water to travel across the soil for effective cultivation [82].
Other than that, [83] shows that high level of organic matter in a soil influence the stabilisation
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process of the cement negatively thus proving not viable since plant productivity depend highly on
the level of organic matter in the soil.
There is a need to conduct the tests mentioned above on soil treatment of non-construction
applications (which will be discussed in the next section) which may be used for reforestation
purposes so that these processes can be evaluated to determine the effectiveness its implementation.
Furthermore, carrying these standardised tests before the project implementation would be
beneficial as it would provide a metrics for measuring the success of the solution. However, it is
worth mentioning that plants have root systems that can influence soil erodibility as shown in [84]
which may affect the results when compared to soil treatments due to the reason that it functions
on a different soil stabilising mechanics. This means that soils that is held together by a root system
may show different erodibility properties when compared to a soil treated for construction purposes
despite both showing low rate of erosions.
4.5.3

Technique Review

Most of the techniques being reviewed in this section can be applied to improve the land quality in
terms of reducing soil erosion and facilitating the growth of plants. However, most of these
techniques are experimental where their data are only reliable when it is applied to laboratory test
conditions. Nonetheless, the financial and environmental impacts/aspects of these techniques will
be considered to determine whether they can be applied to this project feasibly and also what are
their effectiveness if they were to be implemented. It should be noted that it is complicated to
compare the effectiveness of these techniques based on the soil erosion properties due to the fact
data collected are mostly experimental and its results are specific to the properties of the soil which
already varied dramatically. Thus, each technique is evaluated whether an improvement in soil
erosion reduction can achieved instead of comparing them quantitatively.
4.5.3.1

Organic Waste

Organic wastes that are typically the bi-products of industry may have a potential to be used as soil
stabiliser to reduce soil erodibility. One of the most promising aspect of using organic wastes is that
it is essentially free given that it’s a waste produced by any industrial process which adds value
again in terms of the life cycle of that process by utilising it for other purposes. For instance, rice
ash husk(RHA) is an agricultural waste, rice hulls which originates from the rice milling industry.
Conventionally, they are normally used as an admixture with cement/lime soil treatments like
mentioned above to further increase the physical properties such as the optimum moisture content
of the soil which affects the erosion resistance positively as shown by [85]. In another example,
[86] shows that soil treated with RHA shows in improvement in the volume stability and strength
property (Californian bearing ratio), which both plays an important role in increasing soil stability
which leads to erosion resistance as shown in Figure 32 and Figure 33
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Figure 32: Linear shrinkage of a soil treated(%) with RHA against RHA content(%) [86]

Figure 33: Californian bearing ratio (%) against RHA content (%) of a soil treated by RHA [86]

Another important aspect of using organic wastes from the industry is that it is compatible with
supporting plant cultivation. For example, RHA can be a source of potassium for cowpeas and been
shown to improve the yield advancement as shown by [87]. This factor is very crucial in this project
as reforestation cannot happen if the land is not suitable for plant cultivation even if soil erosion at
the treated area is low. It should be notes as well that there are many potentials in organic to
supplement vegetation in terms of providing nutrients required.
One of the main problem with applying this technique despite the raw materials being free, is that
most of its uses were only done in laboratory settings This means that it will be difficult in terms of
determining the accurate cost for this technique since it is not guaranteed that it will scale
accordingly with application size. For instance, to estimate the financial and economic feasibility
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of the RHA, the typical cost associated with cement soil stabilisation would be assumed since it is
roughly a similar process. Using data from [41] for the average grading cost for a variety of soil
and a deep-mixing cost from [88] to give an estimate the implementation cost of RHA as a soil
stabiliser in a large-infrastructure scale and its value are tabulated in Table 17. The cost estimated
is not realistically possible which may be caused by the lack of information regarding the prices
since these estimates were based of smaller projects thus lack of economies of scale. Even when
considering that the estimated is reduced to a factor of 20 to compromise the economies of scale
pricing, it is still not viable. This means that using organic wastes as soil stabiliser requires accurate
data in order to achieve a better representation of an implementation plan on an infrastructure scale.
Table 17: Cost estimation for using RHA as a soil stabilizer on an infrastructure scale

Activity/material

Unit

Price per unit

Units required

Cost ($)

Average soil grading
cost for clayey, loamy,

Total area

and sandy soils based
on estimated from [41]

required to be
2

km

1,093,871

36,097,743

33km2

Deep mixing based on
data from [88]

reforested =

km2

113,024,757.8

3,729,817,007
Total cost ($)

3,765,914,750

Total cost
(billion $)

3,765.9

Total cost
(taking
economies of
scale into
consideration)
(billion $)

188.3

Organic wastes as soil stabiliser appears to have a great potential due waste utilising nature aspect
but it is not financially feasible just yet based on the RHA example studied. There are other organic
waste products such as the scenario shown by [89] where it greatly reduces furrow erosion while
providing nutrients for crop growth. However, the downside of using organic waste as a material is
that it may be hard to meet the raw material demand of the soil stabilising in a large scale due to the
reason that they are waste products instead of the main product from the process thus being
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unreliable in terms of abundance of raw material. Other than that, organic waste may differ from
different countries due to the nature of their industries thus its applications may be specific due each
countries’ capability.
4.5.3.2

Polymers Additives

Polymer additives which had been used generally for agriculture are one form of soil stabilising
technique that can be utilised for reforestation purposes. [90] shows that the usage of polymers as
a soil stabiliser improves the soil’s water retention capabilities while being more stable thus
retaining nutrients in the soil effectively as shown in Figure 34.

Figure 34: Effect of a polymer on sedimentation time with Kewanee soil and calcium chloride coagulants [90]

To determine the feasibility of implementing this technique on a large infrastructure scale, data
from [91] were used to give an estimation cost of for this project and its data were tabulated in
Table 18. It can be seen that an annual cost of 7,596$ per km2 for using PAM (Polyacrylamide),
which is a typical polymer additive, which compared to the Loess Plateau project, who spent 5769$
per km2 (based on 60% of their project cost attributed to reforestation based on data from [92],
seems feasible to be implemented into this project. It should be note stating that despite this being
the annual cost of application, there may be no need for constant application if continuous
reforestation is happening unlike the agricultural scenario where crops are replaced frequently
which is the main source of erosion.
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Table 18: Cost estimation for implementing a polymer additive as soil stabiliser for this project

Work/Material

Unit

Price per unit

Units

Total cost

($)

required

($)

Annual cost for application
of PEM as a soil stabiliser
(labour, materials, transport

Areas to be
2

km

7596

reforested =

250668

33km2

included) based on data
from [91]

Unfortunately, the use of polymer additives as a soil stabiliser such as PAM have also been linked
to loss of biomass in the soil as shown by [93], where biological activities (such as microbes,
bacteria and fungi) have decreased with the implementation of PAM. This may not directly impact
the productivity of the planting but there is a risk that it may remove beneficial biomass which may
affect the trees indirectly. Other than that, there is risk for pollution and health hazard if the disposal
of polymer additives (i.e. PAM) is not handled properly which may lead to toxicity to humans at
high concentrations when the problem is prolonged. This means that extra precautions in terms of
disposal/water source recovery cost may be needed for this solution’s implementation, which will
increase its implementation cost. However, there are also potentials for biopolymers which are
better in terms of having a lesser environmental impact such as the biopolymers from [94] although
this is still in early development which had not made it into an industrial scale yet. With this, it was
decided that this solution may not be feasible due to the reason that it may bring environmental risk
despite it being cost efficient.
4.5.3.3

Geotextiles

Geotextiles as a technique to stabilise soil is a common practice in construction of pavements,
landfills and retaining wall structures for erosion control purposes. This method of stabilisation
differs from the cement/lime technique mentioned in section 4.5.2 with the fact that there is not a
drastic change in the actual physical or chemical properties of the soil during implementation but
instead physically traps it with material instead. With this, it will not influence the vegetation
negatively as shown by [95] that soil erosion is decreased with the implementation of geotextiles
on a slope while increasing organic carbon in the soil which lead to increase in vegetation height as
shown in Figure 35 and Figure 36. This means in terms of soil stabilising and vegetation support,
this technique proved to be very effective. However, the implementation of this technique may
prove to be difficult since only small vegetation was considered in the example given previously,
where in this project, the trees may require a large amount space once they are matured which may
lead to a removal cost. To solve this problem, there is an attempt to use biodegradable geotextiles
as found in [96] where it has been shown that soil erosion is reduced while incorporating seed mulch
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into the geotextiles thus promoting vegetation growth even further and being biodegradable.
However, this technique mentioned seem to be still experimental and there is not a lot of
reforestation scale uses for this biodegradable geotextile mentioned.

Figure 35: Comparison of seasonal and annual soil erosion in protected and non-protected slopes [95]

Figure 36: Comparison of the vegetative growth in coir net laid and plain slopes [95]

Nevertheless, the implementation cost of this technique will be considered whether it is financially
feasible for this project. The estimation for this technique was acquired from [97], which is based
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off a typical soil erosion control blanket, where labour and material cost are included, and the total
cost for this technique’s implementation can be found in Table 19. The implementation cost for this
technique is 1.84 million $ per km2 which do not appear to be feasible when compared to the Loess
Plateau project cost of 5,769$ per km2. This is most likely caused by the lack of accurate data for
this technique as happened in section 4.5.3.1, since the estimation used was applicable to smaller
projects, hence higher cost. Similarly, an economy scale approach is applied to this analysis to
verify the estimation, but it was shown that even with a reduction factor of 20, the implementation
costs 92,000$ per km2, still higher when compared to the Loess Plateau project.
Table 19: Cost estimation table for using geotextiles as a soil stabiliser

Work/Activity

Unit

Price per

Units required

unit

Cost
(million $)

(million $)
Material
Laborers, (Semi-Skilled) Foreman

km2

1.57

51.7

2

0.04

1.2

km

($28.67/hour)

Reforestation

Laborers, (Semi-Skilled) ($27.52/hour)

km2

0.23

CRANE, HYD, R/T, 20T, 4WD, S/P 70'

km2

0.01

area = 33km2

7.5
0.4

BOOM ($44.44/hour)
Data acquired from [97]
Total cost

60.8

(million $)
Total cost

3.04

with economy
of scale
consideration
(million $)
Due to the financial infeasibility of this technique, it will not be considered for this project.
However, it showed great potential in controlling soil erosion while supporting vegetation
effectively. Besides that, the potential of biodegradable geotextiles would be the most suitable in a
reforestation project but due to the lack of infrastructure scale uses, it may be difficult to implement.
Nevertheless, there is an urgent need in developing this technique for an industrial scale.
4.5.3.4

Mulching

Mulching is typically used as a landscaping tools to spread seeds over a large area with a mixture
of organic matter (seeds and fibres) and water in a slurry. However, it was shown by [98] that soil
from a forest fire treated with mulching had a reduced the sediment yield of the treated soil by a
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range of 34-94% depending on the components in the mixture of the mulch. With this, there will be
minimal risk to the environment as the materials used in the mulch are mostly organic unlike section
4.5.3.2 while supporting vegetation if seeds are used in the mulch mix.
In order to estimate the implementation cost of this technique, data for the materials and labour cost
from [99] for a peat moss mulch and its results are tabulated in appendix 10.2.3. It can be seen that
the implementation cost of this technique is 5459.5$ per km2 which is very feasible when compared
to the soil stabilisation implementation cost of the Loess Plateau Project mentioned in section
4.5.3.2 which can be further reduced if economies of scale was taken into consideration. Besides
that, there is potential for improving the effectiveness of this technique with agroforestry elements
such as selecting seeds that are particularly relevant to the biodiversity of the treated area that can
maximise the organic matter in the soil which will beneficial in improving the likelihood of trees
planted to survive, which will be discussed later in section 4.5.4. Furthermore, soil erosion will be
further reduced with the increased level of vegetation thus maximising the impact on land
degradation. With this, mulching will be used as a soil stabilisation technique since it is financially
feasible, low environmental risk, and is able to realise the objectives of this project.
4.5.4

Implementation
Table 20: Summary of soil engineering techniques review

Techniques

Cost for this project ($)

Organic wastes

3765.9 billion

Remarks
•

Unrealistic estimation

•

Utilises waste from
the industry

•

Beneficial to plant
growths

•

Studies for accurate
cost data needs to be
done

Polymers additives

250,668

•

Financially feasible

•

Causes environmental
risks

•

Requires further
infrastructure to
support environmental
risk

88

•

May affect the
biomass of the soil
negatively

Geotextiles

60.8 million

•

Unfeasible financially

•

May require follow-up
maintenance

•

Promising potentials
in biodegradable
geotextiles

Mulching

180,162

•

Financially feasible

•

Low environmental
risk

•

Beneficial to plant
growth

The technique chosen for engineering the soil of the site location for land degradation mitigation
purposes is based on the analysis done in section 4.5.3 and its overall analysis summary can be
found in Table 20. As shown above, the implementation cost for this solution on this project would
be 180,162$. However, there are later costs such as costs for testing/studies that will be added later
of the project.
In this section, mulching as a soil stabilisation technique will be reviewed in terms of its
implementation plan on a large-scale reforestation project in the site location; Morocco as
mentioned in section 3.2.4. The purpose of the soil stabilisation is to improve the soil quality of
targeted area in terms of reducing soil erosion activity while also facilitating the process of
reforestation as mentioned in section 0.
To ensure that this technique can be implemented effectively, below are the logical steps for the
implementation process:
1. Collect soil samples from areas to be reforest and conduct tests and studies to determine its
properties
2. Conduct biodiversity studies in the areas to be reforested and select best candidate for seeds
to be used in mulching process
3. Implement mulching process
4. Continual monitoring of soil properties and biodiversity data of the targeted area
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The purpose of the soil tests is that it serves as a basis for the actual evaluation of this technique
when it is applied to large infrastructure scale project. There are a variety of tests that can be
conducted such as the ASTM D6572 or the Hole Erosion Test mentioned in section 4.5.2. With
this, the improvements of the soil quality can be monitored continuously to determine whether the
technique is effective, or improvements need to be made. The tests can be incentivised by local
educational institutes, government bodies or even non-governmental bodies that wants to contribute
to combating desertification.
Similarly, a biodiversity study of the target area would also prove to be beneficial so that the type
of seeds that will be used in the mulching technique can be maximise the nutrients that will be
utilised for reforestation purposes later. Besides that, information on the biodiversity of the target
area may also be a good indicator for the evaluation of the technique chosen in terms vegetation
growth, changes in population of plant species etc. The tests can also be done by incentivisation by
educational or research institutes that aims to improve the biodiversity of the targeted area while
combating desertification.
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4.6 AFFORESTATION [JOEL FERNANDEZ]
For the reforestation part of the project, technologies for the planting and growing of flora must be
utilised. Included in these technologies are: decisions on the species to use; choices on whether to
use seeds and saplings for trees; issues of biodiversity; and how is best to plant the chosen species
for the highest rate of success.
4.6.1

Species Selection

To narrow down to a primary tree in the selection of species it was decided to use local species to
avoid contaminating the local flora populations with foreign diseases. By using a tree that is
common in the local area as the dominant species in the site of afforestation, the cost incurred in
acquiring seeds for the species is reduced in capital costs of purchasing seeds but also transport
costs, including the associated carbon dioxide emissions.
In Morocco, the most common pine species is Pinus halepensis. The advantages of this tree are
emphasised by the quantity of data available for it. With a project set on goals of carbon
sequestration, it was useful to have scientific results with these numbers represented. In Spain in
2010 there were 19260 km2 of Pinus halepensis forest [100] with approximately 11000 trees/km2
[58]. In a study of this pine species in Spain, it was investigated that these trees sequester 1.36 Mt
C p.a. [58] (equivalent to 4.99 Mt CO2 p.a.). This gives a sequestration rate of 6.42 kg C p.a. per
tree (equivalent to 23.54 kg CO2 p.a.). It is also possible to calculate from this data that an
approximate radius required for each pine is 5.4 m.
The most common native tree also has data available, the Quercus ilex oak. However, in another
reforestation project, it was discovered that the Pinus halepensis had superior survival and growth
rates to this tree, as shown in Figure 37 and Figure 38 respectively [101]. In the figures, the
unshaded points represent trees with water harvesting micro-catchments and the shaded points are
those without.

Figure 37: Comparing the survival rates for Pinus halepensis with Quercus ilex with and without
water harvesting micro-catchments [101]
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Figure 38: Comparing the growth rates for Pinus halepensis with Quercus ilex with and without
water harvesting micro-catchments [101]

With a survival rate for Pinus halepensis between 80 % and 90 % in the first 60 months, compared
with the Quercus ilex between 40 % and 60 %, even with water harvesting micro-catchments, the
Pinus halepensis represents a strong choice of species. As it also grows approximately quadruple
the height within the same period, this also backs up the use of the pine tree, as this means more
carbon sequestration in a shorter amount of time to allow the plant to grow. The data plotted by
asterisks in Figure 37 and the characters next to the data in Figure 38 are irrelevant to this project.
In terms of survival, the water Pinus halepensis requires to survive is relatively low. This tree has
been known to survive the summer months in the south Mediterranean region and can make it
through three months with less than 40 mm rainfall [102]. The annual average rainfall minimum
and maximum limits for Pinus halepensis survival are 150 mm and 900 mm respectively [102]. The
minimum limit is low enough for the Pinus halepensis to be considered drought resistant.
It has also been shown by lab experiment that Pinus halepensis seeds have an 88 % germination
rate [103]. Combining this with an 80 % survival rate, it is calculated that 70 % of Pinus halepensis
seeds will grow into mature trees. To ensure that enough trees grow to maturity, 43 % extra pine
seeds or 25 % extra pine saplings than are required should be planted.
4.6.2

Saplings & Seeds

A decision for whether the Pinus halepensis trees would be planted on site as seeds or as pre-grown
saplings was required.
Planting seeds directly into the ground on site has the advantage that transport costs and the costs
of the seeds themselves are lower than for saplings. This is because seeds are smaller in volume and
mass than saplings. The average mass of the seeds is 0.0189 g. The mass of the sapling is not
characterised by the mass of just the plant matter but by the mass of the pot and of the compost that
it must be stored in.
To grow a sapling, the pot would be required to have a 0.2 m diameter and be 0.2 m tall. Assuming
these pots are cylinders and would be filled all the way, this would require 6.28 × 10-3 m3 compost
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per sapling. Compost has an approximate density of 700 kg/m3 [104], this would mean each sapling
has 4.40 kg compost. Most plant pots are made of polypropylene (PP) with a density of 946 kg/m3.
If the thicknesses of the sides of the pot are 3 mm, the mass of each pot shall be 446 g. The mass
associated with each sapling is therefore 4.85 kg.
PP has a carbon footprint of 3.458 kg CO2 / kg PP [105], giving a carbon footprint for each plant
pot of 1.544 kg CO2, not including the carbon of transport to the sapling creation location. For a
sapling approach, the plant pots should be reused to lower the carbon cost of each tree.
Transporting saplings to the site location would require heavy goods vehicles. If shipping containers
were used on the trailers, the largest available standard size has internal dimensions, length × width
× height, of 15.93 × 2.49 × 2.69 m [106]. Using square packing to allow space for a three-floored
structure to accommodate more saplings and giving approximately 0.8 m height for each layer, each
container could fit 1404 saplings. The total mass associated with the saplings would be 6.81 t.
For a diesel fuelled articulated lorry the fuel consumption would be 3.74 km/kg diesel [107].
Equation (5) is for the complete combustion of diesel.
C12 H24 + 18 O2 → 12 CO2 + 12 H2 O

(5)

Using this, it can be calculated that 0.840 kg CO2/km are released in transporting 1404 saplings.
This is equivalent to 5.98 × 10-4 kg CO2/km per sapling.
The survival rate for these saplings in transport is unknown. For a maximised survival rate in a
journey, it should be kept shorter than 12 hours and take place over night, when the saplings are
acclimatised to dark conditions. Taking the maximum speed limit for highways in Morocco, 100
km/h, the maximum distance that can be travelled in this time is 1200 km (Figure 39), giving a
maximum of 0.719 kg CO2 per sapling for transport.

Figure 39: The maximum distance that can be reached by an articulated lorry in 12 hours [108]
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There is not yet a crossing across the Strait of Gibraltar, so realistically, the only possible locations
for a sapling growth laboratory and storage facility would be on the African side of the
Mediterranean.
If each plant pot is only used once and the saplings must be transported 1200 km, an estimate at the
associated carbon cost would be 2.262 kg CO2 per sapling. However, there are other carbon costs
that are unaccounted for. These will be those associated with the growth at the laboratory as this
will be an indoor area that can allow the saplings to grow in optimal growth conditions. As the
plants will take up a lot of space, this will generate large fiscal and carbon costs associated with
keeping these conditions over a large area. When the site location itself may already be a substantial
financial amount.
It should also be considered that between 10 % and 20 % of these saplings will not survive the first
60 months, so the carbon costs of the non-surviving plants will have to be accounted for by the
survivors.
Planting seeds directly into the ground also has its disadvantages. The 88 % (in lab) germination
rate (see section 4.6.1) of seeds means that more seeds will have to be replaced at the location of
planting, this could be difficult to monitor as reforestation locations may be a large distance apart
and it may be difficult to know if the seeds are going to germinate or not. This germination rate
may also be reduced by the poor quality of soil. By planting the seeds originally in pots, it is possible
to use a more fertile compost to initiate plant growth.
Seeds also require protection from birds. Birds eat seeds that are in the top soil of the ground. To
stop the seeds being eaten, a wire mesh can be placed over where the seeds are planted until the
seedlings are at least 0.15 m tall, large enough to be of little interest to the birds, with roots long
enough to prevent being uprooted.
Providing water to seeds planted directly into the ground will also be more wasteful. This is because
the water must be accurately applied to each plant while the roots are underdeveloped to ensure that
each plant acquires enough. The excess water then cannot be recovered, whereas in potted sapling
growth, the water can be recovered from drainage holes in the pots. Also, when monitoring each
individual plant, as each seed will have a 5.4 m radius, travelling between each plant will take longer
and cost more during the germination period when closer inspection into each plant is required.
4.6.3

Scarification & Stratification

There are methods that can be used to improve germination rates. Scarification is a method where
a small the outer shell of the seed is cut or cracked to for germination to occur more readily as the
plant does not have to push so hard to break through [109]. Stratification simulates the conditions
of the climate before the species normally germinates, tricking the seed into germination [109].
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Scarification can be completed using a knife or chemical just before the seed is to be planted, as
such this method is fast to achieve [109]. However, if the incision made is too large, the plant can
be damaged. As such those in charge of scarifying seeds should be trained to do so. This method
does not have any major disadvantages.
Stratification requires either a heat source, to simulate summer conditions, or a refrigerator, to
simulate winter [109]. Therefore, this method will require a large amount of power to achieve. Also,
the Pinus halepensis can germinate at any time of year in the Mediterranean climate [103], this
means that this method would be unnecessary to achieve germination in Morocco.
To achieve good results in germination rate, it was decided that the scarification method would be
used on the Pinus halepensis seeds.
4.6.4

Plant Nursery

Due to the advantages and disadvantages of both seeds and saplings, a compromise approach should
be considered. Instead of contracting the planting of seeds elsewhere, saplings can be grown on site
in an area designated as a plant nursery. Here the seeds can be grown into saplings in pots, packed
close to each other before they are distributed and planted in desired reforestation locations. Square
packing should be used to allow human access to the plants further in the group for close inspection.
An estimate for the number of trees possible due to available water harvesting methods is 362,000
(see section 4.4.1). 30 years was selected as an appropriate amount of time to plant all these trees.
This is because the Pinus halepensis matures between 15 and 30 years [102] and this would allow
a 30-year cycle to potentially harvest the wood from the grown trees and allow trees to continually
be replanted. By not growing the trees all at once it would be possible to source the seeds from the
site, at 12 years old Pinus halepensis’ seeds become fertile [102]. As well as this, fewer plant pots
would be required, reducing the carbon footprint of each tree (see section 4.6.2). Each tree will
sequester approximately 706.2 kg CO2 in its lifetime.
This plan would require approximately 12,100 trees to be planted every year. To account for
germination and survival rates (see section 4.6.1), 17,300 seeds should be planted in pots each year.
This would require a square grid with minimum edge length 26.4 m, with 132 plants along each
side, using 0.2 m diameter pots. To improve access to each individual plant they should be divided
into smaller groups of plants. Each group of plants will be square with 10 plants on each edge,
meaning groups of 100 plants. Between each group will be a 2 m spacing, to allow a small vehicle
to travel in the gap, this will allow the transport of required tools or the ability to move plants
around. There will need to be 173 of these groups, so 13 columns of groups by 14 rows, where one
row only has four groups of 100 plants on it. There will need to be a water supply to these plants.
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Each group should be designated to a supervisor to monitor and grow the plants. Each supervisor
should be given 4 groups of plants to monitor. This will mean 44 supervisors will be required at the
nursery. Estimating that the time it takes to prepare each plant pot, prepare each seed and plant each
seed takes 10 min, this will mean that all the seeds for each supervisor can be planted in 4000 min,
9.5 work days (9 am until 5pm with a 1 h break for lunch). This gives a total work time of 2883 h
for all Pinus halepensis trees for a year. Each pot will be labelled with a barcode corresponding with
a database that will store information about that tree, such as dates of planting and germination. A
grid referencing system should be used to locate specific plants, each location stored on that tree’s
entry in the database.
It takes up to 5 weeks for Pinus halepensis seeds to germinate [103]. It is possible to plan when the
seeds should be planted using the climate statistic graph for Fes in Figure 40 [110].

Figure 40: Climate graph for Fes, the city adjacent to the site location [110]

Normally, in a Mediterranean climate, seeds are planted before winter and allowed to germinate
during winter when there is more rainfall and cooler conditions suit plants like the Pinus halepensis
more appropriately [102]. However, to allow for a more efficient usage of water, the Pinus
halepensis seeds should be planted in pots towards the start of May. This is the time when the
temperature is approximately 20 ˚C, the temperature used to germinate the seeds in lab experiments
for an 88 % germination success rate [103] (see section 4.6.1). By planting at this time in the
nursery, the seeds can be provided sufficient water during the summer months with less wastage.
As the seedlings should be grown for 4 to 5 months, when they reach approximately 15 cm in height
(see Figure 38), they will be planted in the ground at a desired location in October when less
additional water is required through water harvesting techniques.
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In Morocco, where the temperature does not drop below an average of 10 ˚C, the most likely event
that will risk the survival of the plants will be the summer months of low rainfall. After Pinus
halepensis is two years old, the plant becomes drought resistant due to extended roots [102].
4.6.5

Planting in the Ground

To increase biodiversity, the ground should be prepared by undergrowth of different local bush and
small plant species. This will not only allow enhance the ecosystem and help wildlife to thrive in
the area, but will also increase the survival rate of the Pinus halepensis trees [101]. Larger
undergrowth species, bush species, should be sparser for ease of access to the forest for planting
and harvesting. Besides the amount of larger species introduced to the area, the undergrowth should
be left to grow naturally.
The trees should be planted in the ground, allowing each tree to have a radius of 5.4 m, with a dense
‘hexagonal’ packing method as shown in the diagram in Figure 41 for a packing efficiency of
0.9069.

Figure 41: High efficiency 'hexagonal' packing method

After the trees have been transferred from pots in the plant nursery, to their desired location in the
ground, their database entry is updated with the exact coordinates of planting. The trees are then
monitored using UAVs (see sections 4.1 and 4.2.1) and cared for by a plant supervisor until they
are harvested at 30 years old. If trees die, they will be felled by this supervisor and their roots left
in the ground to decompose to aid the soil improvement in the area. This supervisor should also
control how harvested water is distributed to the plants.
4.6.6

Harvesting

The Pinus halepensis trees should be harvested after 30 years in the winter time by trained labourers.
The approximate 12,100 remaining trees should be felled at a rate of 101 per work day to complete
the harvest between November and April. technology may be required to achieve this. The
unprocessed wood can then be sold for approximately $2.11 per tree [111] for $25,400. This may
not be profitable; but allows a small return and the ability to plant more trees and sequester more
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carbon. The roots of the felled trees should be left to decompose in the ground to increase the quality
of the soil.
Also, when Pinus halepensis trees are 12 years old, the seeds start becoming fertile and these should
be harvested and planted in the next year’s generation of trees.
4.6.7

Finance & Environmental Impact of Afforestation

The predicted finances of the afforestation technologies for this project were estimated to require a
total capital cost of approximately $150,000 and an annual variable cost of approximately $155,000.
This includes most of the known costs from this section, however additional costs should be
accounted for. It is recommended to allow 20 % for both capital and variable costs to allow for this.
This brings the capital and variable costs to $180,000 and $186,000 respectively. Although the
annual purchase of seeds seems like it would be a variable cost, as it is only required for 12 years,
before the seeds from the grown trees are usable, the cost of 12 years of seeds was considered in
capital costs. For cost tables please see the appendix section 10.1 and more information on finances
see section 5.4.
The environmental impact of afforestation technologies were estimated using conversion values
[112]. Tables of the equivalent CO2 emissions can be found in the appendix section 10.3.3. The
total CO2 emissions due to the technologies used were separated into capital and variable emissions,
similar to the finances, and their total values were 238,766 kg CO2 e and 1,323 kg CO2 e / annum.
The only variable value used in this case was for the compost which, for a new delivery was required
each year. The fuel required for the lifetimes of vehicles was accounted for in the conversion values,
along with the carbon cost in the creation and disposal of the vehicles, as such this was left in capital
costs. For more information about the environmental impact of this project see section 6.4.
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4.7 AGRICULTURE [JAMES THORNTON]
Agriculture is one of the largest sectors by employment in Morocco, accounting for ~40% of the
population. While this will be somewhat reduced within the project site by the inherent land
management activities of a project based around reforestation, the remainder will still represent a
significant area and must form part of the anti-desertification solution. Without these
considerations, it would be possible for the agricultural areas to present a significant impediment to
the success of the project as a whole.
Since these farms are private enterprises on which people’s livelihoods depends, it is important to
note that this will be carried out in accordance with the local collaboration guidelines in section 6.1.
4.7.1

Crop Agriculture

Figure 42 shows the land use systems present within the project site. The site encompasses ~1100
km km2 of commercial agriculture land, concentrated around the areas of high population.
The fact that no significant areas of Subsistence Agriculture exist within the site implies that all
agriculture has reached economic equilibrium – having reached sufficient output so as to not rely
its own food production.
While the water harvesting and reforestation activities of the project – as shown in Figure 45 – may
affect the distribution of farming, the project has also implemented policies to reduce the social
impact of any project activity – see Req. 016 and section 6.1. Additionally, although some project
activities such as reforestation may encroach on agricultural land and lead to displacement it is
likely that these cases will be far outweighed by the benefits to farmers of increased water
availability and soil fertility.
Therefore, there will remain a significant presence of crops within the site boundaries and it is
important to ensure that this farming has a positive contribution to the reversal of desertification.
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Figure 42: Land Use Map of the Project Site [113]

The primary crops of the Fez-Boulemane region are cereals and olives [114]. Of the primary
contributors to desertification, soil quality is the most relevant to crop agriculture. This is due to the
multiple mechanisms by which healthy crops can improve the soil:
•

Plant roots contribute significantly to the physical integrity of soil, reducing the rate at
which it erodes and reducing the rate of desertification

•

Plant growth gives rise to chemical processes, both below-ground and in the surrounding
air which enriches soil

•

These effects can also contribute to secondary ecology which in turn can reverse
desertification

These benefits to desertification reversal are most significant in leguminous plants – especially
grains, barley, beans and dates [115].
Whilst any active plant growth will be beneficial to reversing desertification, the project will
therefore aim to maximise this by incentivising farmers to diversify the crops to include barley and
string beans. These particular crops have been selected because they are included in both:
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•

Plants with most significant anti-desertification properties [115]

•

Major crops produced in Morocco [116] – indicating an independent economic incentive
and a geographic favourability to these produce

4.7.2

Animal Agriculture

As shown in Figure 42, the site area includes ~2900 km2 of land whose primary use is livestock
herding. The significance of this is major since livestock is one of the dominant contributing factors
to desertification. Furthermore, this is one of the reasons that this particular site was selected as the
large incidence of livestock can potentially be used as an agent to reverse desertification.
However, while agreement on the impact of livestock on desertification is fairly unanimous, the
sense of this impact is a great source of debate among ecologists. The traditional view and approach
is that livestock grazing is a major contributor to desertification.
Conversely, a particularly outspoken but potentially revolutionary proposal in the ecology of
desertification is that it can be resolved simply by the introduction of ‘bunched’ livestock herds in
planned grazing patterns [117]. This approach is purported to lead to fast and widespread
improvements in soil quality and ground cover and hinges on the philosophy of mimicking nature,
thus reducing the cost required to sustain a partially unnatural ecosystem. The mechanism by which
the approach functions hinges on cyclical grazing of ground which will be left flattened and
fertilized by the livestock as they move on. During the next stage, the vegetation will be allowed to
re-grow under these favourable conditions; more effectively absorbing any rain, sequestering CO2
and offsetting the carbon footprint of the livestock themselves.
Given the conflicting views on the correct approach to the role of livestock in desertification
reversal projects, the project approach to animal agriculture will be:
1. Initially limit the extent to which livestock is used as an anti-desertification tool, until its
role is better understood by the project (as presently it is not by the scientific community)
2. In collaboration with local farmers, adjust the herding and farming techniques in use to
investigate further the correct approach of the two above (livestock removal vs planned
grazing)
3. Following results of #2, extend use of the correct approach across all livestock areas
To fulfil this approach, the areas shown in Figure 43 will be reserved for livestock herding – selected
due to their proximity to existing areas of livestock farming, accessible terrain, transport
infrastructure and exclusion from other project activities that would preclude herding. Each of these
areas is also shaped to be large enough for planned grazing to be feasible.
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Figure 43: Areas Reserved for Livestock Herding
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5 INTEGRATED SOLUTION
Having conducted an assessment on the various technologies that can be used to form a solution, it
was necessary to evaluate the way in which these technologies could integrate within the Morocco
site area. This section describes the links that can be drawn between the technologies and their
location within the site area, sets out a timeline for the first growing cycle of the project and
describes the required financial breakdown.

5.1 INTERACTIONS BETWEEN EACH TECHNOLOGY/SOLUTION
Each technology/solution analysed and reviewed in Section 4 tackles desertification and
reforestation aspects of this project differently. Figure 44 gives a visual representation of the
interactions of the proposed technologies in order to meet the objectives set out in section 1.6.
In terms of reforestation, water harvesting, distribution and soil engineering are crucial in terms of
facilitating reforestation by preparing the land so that it is suitable for tree planting. The
afforestation section selects the species of the trees and planting that are the most effective and
feasible so to maximise the number of trees to be grown in this project. At the same time, monitoring
systems and UAVs provide an evaluation system throughout the project by tracking the vegetation
level of the area of project implementation.
In terms of combating desertification, soil engineering decreases land degradation through reducing
soil erodibility, which leads to the minimisation of nutrients loss in soil. Water harvesting tackles
the loss of water supply because of desertification. Other than that, monitoring system and UAVs
allow the tracking of desertification in the area by looking at the weather and soil biology which
are good indicators of desertification. Most importantly, reforestation efforts greatly impact
desertification through the implication of combating climate change.
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Figure 44: Interactions between each technology/solution in the grand scheme of this project

5.2 MAP OF SITE AREA
Figure 45 shows a map of the Morocco site area with the locations of water harvesting sites, the
UAV operations centre, designated livestock areas and the water diversion pipe. Table 21 shows a
summary of the water harvesting sites and their technologies across the site area together with the
number of trees that can be grown at each location. Water harvesting site number 4 appears twice
on the map since it is split across two locations.
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Figure 45: map for the Morocco site area
Table 21: summary of water harvesting technologies and the numbers of trees produced by them

I.D. Sector Description

Trees

1

A

Gabion diversion canals supplying contour ridges.

12,000

2

B

Gabion diversion canals supplying contour ridges.

12,000

3

B

Contour bench terraces and hill-side conduits (supplying bunds at

1,620

the base of the banks) on the banks of the Ammar river valley.
4

B

Contour ridges on two regions of low-gradient plains.

80,000

5

C

Contour bench terraces on the west bank of the eastern tributary to

3,600

the river flowing into the Allal al-Fassi Reservoir.
6

C

2 small dams supporting irrigation of existing forestry on the east

N/A

bank of the eastern tributary to the river flowing into the Allal alFassi Reservoir.
7

C

Contour ridges in the low-gradient plains between the western and

25,000

eastern tributaries to the river flowing into the Allal al-Fassi
Reservoir.
8

D

Contour ridges on the low-gradient plains in-between the existing
forestry areas.
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168,000

9

G

Hill-side conduit systems along the wadi-bed that forms a tributary

1,620

of the Amekla and Zloul rivers.
10

G

Liman on the wadi-bed that forms a tributary of the Amekla and

78

Zloul rivers.
11

G

Liman on the wadi-bed that forms a tributary of the Amekla and

39

Zloul rivers.
12

I

Contour bench terraces and hill-side conduits (supplying bunds at

4,860

the base of the banks) on the banks of a low altitude valley in
sector I and partly sector H.
13

J

Contour ridges on low-gradient slopes

22,000

14

K

Gabion diversion canals supplying contour ridges to a 6 km2

31,000

region opposite the town of Almis Marmoucha.
Total

361,817

5.3 PROJECT TIMELINE
The aim for this project is that it will turn an arid landscape into a forested region in Morocco. The
time that it will take for a tree to completely grow is 30 years from a seed in the nursery to a fullgrown pine tree. The plan for tree planting is to have it working on a 30-year cycle so that as the
last area is planted the first area can be harvested.
This gives an initial expected completion time of 30 years to completely plant the area with trees
and 60 years to be completely covered in full grown trees. A just in time approach will be used so
that as soon as an area is prepared with water harvesting and soil engineering techniques it can be
planted with trees within a year. Doing this will have several benefits; it will reduce the time that a
prepared area will be left to deteriorate, it spreads the costs over a long period of time to reduce the
pressure on the funding body and it will reduce the pressure on the local labour force.
The timeline for the project has been divided into each year, the first year would involve the
purchase of capital and the training of the labour force. In the second year the work on water
harvesting and soil stabilisation would begin. In the third year and onwards tree planting would
occur in parallel to water harvesting and soil stabilisation. Once tree planting has begun UAV
monitoring would be deployed, additionally there would be a one-off cost for the construction of a
water diversion system followed by the annual cost of electricity. After 32 years of the project the
entire area will have undergone preparation and had a round of tree planting with the trees in the
first area reaching maturity. At this point the construction work will finish and the costs should
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decrease, after another 30 years the entire area should have been reforested with completely fullgrown trees.

5.4 BUDGET
The budget for this project is based off the costs calculated within the technical sections of this
document and the project timeline.
Table 22: Project cost table

Year

Explanation of costs

cost

Cumulative
cost

1

General costs + cost of purchasing capital + cost of

$2,659,285.97

$2,659,285.97

$2,420,166.42

$5,079,452.39

$2,575,166.42

$7,654,618.81

$2,575,166.42

$10,229,785.23

$2,575,166.42

$12,804,951.65

$2,575,166.42

$15,380,118.06

$2,575,166.42

$17,955,284.48

$2,575,166.42

$20,530,450.90

$2,575,166.42

$23,105,617.32

training
2

general costs + annual costs of water harvesting +
annual costs of soil stabilisation

3

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

4

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

5

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

6

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

7

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

8

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

9

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting
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10

general costs + annual costs of water harvesting +

$2,575,166.42

$25,680,783.74

$2,575,166.42

$28,255,950.16

$2,575,166.42

$30,831,116.58

$2,575,166.42

$33,406,283.00

$2,575,166.42

$35,981,449.42

$2,575,166.42

$38,556,615.84

$2,575,166.42

$41,131,782.26

$2,575,166.42

$43,706,948.68

$2,575,166.42

$46,282,115.10

$2,575,166.42

$48,857,281.52

$2,575,166.42

$51,432,447.94

$2,575,166.42

$54,007,614.35

annual costs of soil stabilisation + annual cost of tree
planting
11

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

12

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

13

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

14

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

15

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

16

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

17

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

18

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

19

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

20

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting

21

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting
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22

general costs + annual costs of water harvesting +

$2,575,166.42

$56,582,780.77

$2,905,941.42

$59,488,722.19

$2,925,166.42

$62,413,888.61

$2,925,166.42

$65,339,055.03

$2,925,166.42

$68,264,221.45

$2,925,166.42

$71,189,387.87

$2,925,166.42

$74,114,554.29

$2,925,166.42

$77,039,720.71

$2,925,166.42

$79,964,887.13

$2,925,166.42

$82,890,053.55

$2,925,166.42

$85,815,219.97

$679,764.00

$86,494,983.97

annual costs of soil stabilisation + annual cost of tree
planting
23

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting+ cost of installation of water diversion
system

24

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting + annual cost of water diversion

25

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting + annual cost of water diversion

26

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting + annual cost of water diversion

27

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting + annual cost of water diversion

28

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting + annual cost of water diversion

29

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting + annual cost of water diversion

30

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting + annual cost of water diversion

31

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting + annual cost of water diversion

32

general costs + annual costs of water harvesting +
annual costs of soil stabilisation + annual cost of tree
planting + annual cost of water diversion

33

general costs + annual cost of tree planting + annual
cost of water diversion
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Table 22 shows the total cost of the reforestation for one complete cycle of planting trees will be
$86,494,983.97. We will require an average of $2,681,725.61 each year for 33 years to completely
reforest the area. After this time the annual cost will fall, to include only the general costs, the
electricity cost and the cost of harvesting and replanting trees, there will also be a small income
from the sale of harvested trees.
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6 SUSTAINABILITY, POLITICS & SOCIO-ECONOMIC
IMPACTS
This section discusses the political and socio-economic issues of the location of the project that may
have affected decisions. Different parts of the project may have significant effects on local
communities as their local area is disrupted by processes such as construction or the acquisition of
their land. This section also justifies the environmental effects of the project, including the balance
of the carbon footprint.

6.1 WATER HARVESTING TECHNOLOGIES
There are socio-economic and sustainability considerations to be made when assessing the impact
of continued use of these technologies. [43] describes the importance of considering socioeconomic and sustainability factors as key to the success of water harvesting projects. For example,
if issues such as population centres and growth rates and the resultant increase in demand for land
are not anticipated, valuable time and resources can be wasted in the construction of technologies
that do not have enough time to succeed. [43] suggests that an appropriate, often qualitative
assessment of socio-economic and sustainability impacts should be conducted; several means for
doing so are: checklists, questionnaires and social surveys that consider demographics, spatial
arrangements of techniques, communities’ requirements and the impact on local culture. Some
general considerations of each type of technique been made in Section 4.4.1 but a more detailed
consideration of significant impacts is shown below.
•

Returns on investment for some techniques, like negarims, can be negative as a result of
the expense for labour. However some techniques can be time-consuming to build,
providing lots of local labour need [59].

•

The required mechanisation of labour for contour ridges has often resulted in large
expenditure on machines which are then not being used after ridges have been constructed,
meaning investment is wasted as machines degrade over time [59].

•

Locals are often not qualified to manage the maintenance requirements of large-scale
afforestation [59] as is likely to be achieved in this project. This is particularly the case in
developing countries.

•

Additionally, in developing countries the concept of making use of vast wastelands for
vegetation growth can often be alien. Therefore, inspiring and motivating local labour to
take ownership of the project can be a challenge [59].
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•

Some techniques, such as jessour and contour bench terraces have been perfected by
indigenous labour over decades, therefore it is important to involve locals in the design of
these systems, as they may provide valuable insights into local geography and culture [43].

•

Often the amount of earth movement required for the construction of these techniques,
particularly bunds, is significant and organised labour is required [59].

•

Many of the applications planned for this project will require large scale transportation of
materials and resources and, correspondingly, the scale of the technologies could be
significant enough to displace communities if consideration of communities is not made
[59].

•

Water resources should not only be used to aid reforestation (as is a main objective of the
project) but should also be used in a way that conserves the water resources for future use
[43].

Often, it could not be determined whether the land was privately or publicly managed. Preferably,
locals can be educated in the benefits of the reforestation project and possibly provided with
incentives to allow use of privately-owned land. Alternatively, funding bodies must acquire the
rights to the land before starting work. Policies are also in place to conserve existing forested areas,
like national parks, and these policies should be respected and supported by the project.
An obvious conclusion that can be drawn from consideration of the socio-economic factors
described above is that locals must not only be involved to ensure that labour becomes value-added,
but also that locals should be trained in the relevance and maintenance of water harvesting
technologies in their area. Local governments should also be involved to ensure the interests of
residents are given due consideration, in accordance with project requirement 017, as described in
Section 2.1. Additionally, technologies should only be constructed if it can be anticipated that
benefits outweigh the costs (be they environmental, social or economic).

6.2 REFORESTATION TECHNOLOGIES
Political factors support reforestation in Morocco. The Moroccan government has been ahead in
the fight against climate change. Those in power realise that if nothing is done to fight climate
change, desertification will engulf Morocco, making its soils unusable. Because of this, it is in
Morocco’s best interest to support sustainability projects such as this. As such, small scale
reforestation efforts are visible in many places across Morocco, planting approximately 10,000 trees
in each [118]. This project is of a much larger scale, though it will likely be supported by the
government but not by full funding the project.
The reforestation also aims to employ seasonal and full-time staff. This is a social aspect of the
project. By employing locals for these roles, it will benefit the local economy and cost the project
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less than relocating those foreign to the area. It also means that the project can be supported by the
people in the local area, as they gain something from it. To ensure these staff are not exploited, they
should be paid a living wage. To calculate this living wage, the UK’s living wage (~$11.46 per
hour) was converted to a Moroccan living wage using a scaling factor of 0.37 [119]. This is a ratio
of the cost of goods in Morocco against the cost of those goods if purchased in the UK. This gave
a suitable wage for the staff at approximately $4.24 per hour.

6.3 SOIL ENGINEERING
When choosing the soil engineering technique to be implemented in this project in section 4.5.3,
various sustainability aspects were considered, such as:
•

Minimising risk for pollution (section 4.5.3.2)

•

Minimising health hazard (section 4.5.3.2)

•

Ensuring there is no risk in damaging the biodiversity (section 4.5.3.4)

6.4 CO2 EMISSIONS & SEQUESTRATION
Sustainability for this project is effectively the finance section of a normal business model project.
The “profit” is measurable more by the net carbon sequestration and the quality of the land after it
has been treated. This project is therefore built upon sustainability values.
To be able to calculate the breakeven time for the CO2 emissions and sequestrations in relation to
this project, all the carbon costs of the different parts of the projects should be added together (see
appendix section 10.3). This can be achieved in a similar method to the project finances. If the startup CO2 costs are put together as a capital cost and the annual CO2 emissions are set as variable
costs, then all these can be added together in a net cost table. The total capital CO2 cost and the
annual costs were added up in Table 23.
Table 23: Summing the carbon costs of each section of the project

Section

Capital kg CO2 e Variable kg CO2e p.a.

Monitoring

38,532

28,307

Water harvesting

27,910,000

0

Water distribution

2,044,619

0

Afforestation

238,766

1,323

Soil Engineering

589,000

0

30,820,917

29,630

Total
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Due to the planting of trees, approximately 12,100 trees per year (accounting for survival rates),
with an approximate carbon sequestration of each tree at 23.54 kg CO2 p.a., this means that in the
first 30 years of planting trees there will be a sequestration of approximately 132.5 kt CO2, assuming
a uniform sequestration rate. If the project should continue indefinitely, CO2 will continue to be
sequestered. Each generation of approximately 30 lots of 12,100 trees will sequester 256 kt CO 2.
After 30 years and the maximum number of trees are planted, a sequestration rate of ~8.545 kt CO2
can be assumed.
As more trees are planted each year, the sequestration rate increases by 284,834 kg CO2 each year
up until 30 years of planting have passed. Because of this, the easiest way to calculate the breakeven
point is with the net CO2 cost table in Table 24, showing the net CO2 for the first 30 years of
planting.
Table 24: Net CO2 calculation

Years since tree

kg CO2e

Net kg CO2e

planting started

sequestration/ (emission)

sequestration/ (emission)

0 (incl. capital)

(30,850,547)

(30,850,547)

1

255,204

(30,595,343)

2

540,038

(30,055,305)

3

824,872

(29,230,433)

4

1,109,706

(28,120,727)

5

1,394,540

(26,726,187)

6

1,679,374

(25,046,813)

7

1,964,208

(23,082,605)

8

2,249,042

(20,833,563)

9

2,533,876

(18,299,687)

10

2,818,710

(15,480,977)

11

3,103,544

(12,377,433)

12

3,388,378

(8,989,055)

13

3,673,212

(5,315,843)

14

3,958,046

(1,357,797)

15

4,242,880

2,885,083

16

4,527,714

7,412,797

17

4,812,548

12,225,345

18

5,097,382

17,322,727

19

5,382,216

22,704,943

20

5,667,050

28,371,993
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21

5,951,884

34,323,877

22

6,236,718

40,560,595

23

6,521,552

47,082,147

24

6,806,386

53,888,533

25

7,091,220

60,979,753

26

7,376,054

68,355,807

27

7,660,888

76,016,695

28

7,945,722

83,962,417

29

8,230,556

92,192,973

30

8,515,390

100,708,363

From this project, the breakeven time is found to be 15 years from the first year of planting and a
net CO2 of approximately 100.7 kt CO2 is sequestered in the first 30 years of planting trees (or first
32 years of the project). This could be improved if more water was made available to plant trees, or
if the climate was altered by the influence of this project. However, this project will continue to
sequester approximately 8.5 kt CO2 for as long as the project continues for.

6.5 CARBON CREDITS
Carbon credits are a method of reducing carbon emissions that was originally outlined within the
Kyoto protocol. A carbon credit scheme requires firms that want to pollute to pay for each tonne of
carbon that they emitted, each tonne of carbon is one carbon credit. The total number of carbon
credits that is available to the market is capped and it is gradually reduced to lower carbon
emissions.
The largest emission trading scheme in the world is the European Union Emission Trading Scheme,
this scheme has been working and has reduced emissions of several heavy industries by 8% [120].
The current price of an EU carbon credit is €23.40 [121].
Unfortunately, reforestation projects are not able to generate carbon credits that can be sold on the
market [122], this is because the aim of the carbon credit scheme is to cut emissions and it wouldn’t
be sustainable to plant more and more forests every year because eventually, you would run out of
the land. The best use of carbon credits would be as an additional way to measure progress and
success of the project.
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7 EXPANSION STUDY
It is necessary to expand the solution produced for the Morocco site area to the rest of the target
region. The following sections explain why a linear scaling of financial and environmental impacts
is insufficient and shows how a more appropriate calculation of these quantities are produced. The
sections also describe the requirements of specific technologies upon scaling to the target region.

7.1 TARGET REGION
To consider the implications of expanding the solution to the target region, an assumption about the
proportion of area that would benefit from reforestation and reversal of desertification must be
made. Figure 10 shows these types of areas, as vulnerable SDI regions inside the target region.
However, this data is limited to southern Europe. The vulnerable SDI regions encompass 43 % of
the area of southern Europe that fits within the target region. It can therefore be assumed that
approximately 43 % of the entire area of the target region would also benefit from reforestation and
reversal of desertification. The total land area in the target region is approximately 3,200,547 km2
meaning that there is a potential for reforestation and reversal of desertification of 1,376,235 km2
of land in the entire target region. However, a consideration must be made about the
representativeness of the Morocco site. Even though the site is highly representative of the target
region geographically, a linear scaling of costs and carbon dioxide emissions is inadequate. Instead,
weightings that reflect the disparities in economy and carbon dioxide emissions within the target
region should be applied.
The average GDP per Capita for Northern African and Middle Eastern countries, which encompass
66 % of the land area in the target region, is US $ 7,323. In European countries, which encompass
34 % of the land area in the target region, the average GDP per Capita is 4.4 times as large at US $
32,207 [123]. As a result, the cost of the Morocco site proposal should be scaled by a factor of 1
for 66 % of the vulnerable land area (North African and Middle Eastern countries) and by a factor
of 4.4 for the remaining 34 % of the vulnerable land area (European countries).
To determine weightings for carbon dioxide emissions, kilograms of emissions per US $ of GDP
were used as this reflects the amount of emissions while considering the amount of money spent on
practices that produce those emissions. For North African and Middle Eastern countries, the average
is 0.8 kg per US $ of GDP and for European countries the average is 0.2 kg per US $ of GDP [124].
As a result, the carbon dioxide emissions of the Morocco site should be scaled by a factor of 1 for
66 % of the vulnerable land area (North African and Middle Eastern countries) and by a factor of
0.25 for 34 % of the vulnerable land area (European countries).

116

The site area’s high geographical representation of the target region means that the number of trees
to be planted, and the associated carbon sequestration values, can be scaled linearly, without
weighting.
These weightings and their effect on the total cost and carbon dioxide emissions are summarised
by Table 25. The costs and emissions after 32 years have been used since this allows 2 years for
initial training and construction before the 30-year planting cycle can commence.
Table 25: Summary of Financial and Environmental Implications of Expansion to the Target Region

Locatio

Vulnerabl

Cost

Total

CO2

CO2

n within

e Area

Scalar

Cost

Emissions

Emission

Sequestratio

(Weightin

after

Scalar

s (kt

n after 32

g x Ratio

32

(Weightin

CO2)

Years (kt

of Areas)

years

g x Ratio

(US $)

of Areas)

target

2

(km )

region

Morocco

4,850

-

site

86.49

Trees

Net CO2

CO2)

-

30.8

~362,000

100.7

187.28

5.77 x 103

67,795,882

18.6 x 103

24.12

1.31 x 104

34,925,163

9.7 x 103

-

1.89 x 104

102,721,04

28.3 x 103

millio
n

North

908,315

187.28

Africa

16.20
billion

and
Middle
East
Europe

467,920

424.50

36.72
billion

Total
target

1,376,235

-

52.92
billion

5

region

7.2 WATER HARVESTING TECHNIQUE SELECTION
The step-by-step approach outlined in Section 4.4.1.11 should be adopted when implementing water
harvesting solutions to other site areas of the Mediterranean. Following this, the site areas can be
divided in a manner appropriate to the region. For Morocco, water sub-basins are a suitable method,
but any division that meets the following criteria will suffice:
•

Sub-division area is large enough for water harvesting methods to be implemented at an
optimal scale for the local vicinity. This prevents the scale of solutions being limited by the
somewhat arbitrarily defined borders of the sub-divisions.
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•

Sub-divisions have approximately consistent levels of climatic indicators, like rainfall and
temperature. This aids the planner in the selection of water harvesting methods because
techniques that can be adopted are similar throughout one sub-division.

Next, the variation of factors like rainfall, runoff and slope gradient should be assessed between
each sub-division in order to identify the water harvesting methods that could be used in these
regions. From this part of the process, decisions must be made about which techniques are the best
suited. The decision should consider cost and feasibility in addition to the long-term sustainability
that may or may not be achieved. An assessment of the applicability of techniques, their cost,
environmental impact and socio-economic consequences is summarised in Section 4.4.1.10 and can
be used for other site areas defined within the Mediterranean region.

7.3 CAMPUS CONCEPT FOR AFFORESTATION
To expand the afforestation section, if the plant nursery idea (see section 4.6.4) were to be scaled
up to cover a larger area in forest, it may be necessary to provide an area for those working there to
live. Multiple locations of plant nursery may be required to allow the seedlings or saplings to be
grown close to where they will be planted. As well as the plant nursery, accommodation could be
provided, places to eat and utilities will be required for the labour force to be able to live.
Maintenance for vehicles and other technological devices should be available on this site. Each
campus should be at the centre of an area with average radius 18 km such that the campus can plant,
monitor and harvest from trees in an area that is approximately 1000 km2.
For example, if the whole site location were to be reforested, areas would be divided up
approximately as shown in Figure 46.

Figure 46: Example Division of Site into Campuses
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The areas outside the ~30 km radius circles, within the site boundary, would be divided between
each campus.
By planting approximately 362,000 appropriate trees for an area with a dense packing technique,
each tree with a 5.4 m radius, 36.6 km2 of forest is planted. Assuming trees are similar to the Pinus
halepensis, if this afforestation project were scaled up for a 1000 km2 area, 9.9 × 106 trees would
be planted. This would require 330,000 trees to be planted each year, 471,900 accounting for
survivability, in the 30-year cycle. This means each campus would need 1180 plant supervisors in
the nursery, if each supervisor were to monitor the same number of plants as in the small-scale
version. There should be 10 supervisors monitoring and caring for the trees planted in the ground,
each in charge of a 100 km2 area.
Harvesting the trees will achieve a revenue of $696,300 when the trees are 30 years old, again this
will not turn a profit, but the aim of this project is to improve land quality and sequester carbon. If
a greater revenue was required, a lumber mill could be built on the campus to process the wood,
turning it into building products, increasing its value.
To travel around, bicycles should be used for individuals, or electric golf karts with trailers to
transport light loads, such as saplings ready for transfer to the ground.
The campus could be powered by wind turbines, these will be effective at higher altitudes or
offshore. In the Moroccan example the hills to the south of the site location provide a good position
for these. However large cables would have to be put in place to reach all the hypothetical campuses,
when wind is available, wind turbines rated to provide up to 4.2 MW are available [125]. The
average world household uses 3,471 kWh/ann. [126] which means that a single wind turbine could
power 10,599 average households, if the wind stays constant at the rated 15 m/s velocity. This is
unlikely, another power source will be required.
Solar cells can be used to provide power in the day time. In the south Mediterranean, the daylight
hours vary between 10 and 14 hours [127] so, the sunlight will not change much throughout the
year. Given its climate, there is also limited cloud cover [110]. With this information, during the
day time, solar cells can be used to power the campus. However, to provide the same amount of
power as the 4.2 MW wind turbine, 16800 solar panels will be required, taking up 29,400 m2, as
these only provide an average of 250 W each [128].
The carbon footprint for wind turbines and solar panels are approximately 4.00 g CO 2/kWh and
6.01 g CO2/kWh respectively [129], [130]. This makes wind turbines the better option from a
sustainability perspective. However, in the times when there is not enough light, and the wind
speeds are too slow, the campus may have to revert to being powered by fossil fuels. This issue
may make sustainable power for the campus idea unviable, as the technology is not yet available.
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In summary, the campus will need places to eat, workshops for repairing technology such as UAVs
and golf karts, offices for monitoring and updating databases, accommodation quarters and some
means of power supply. It should also be connected by a road or rail to allow labour forces to reach
the location. An approximation for the capital cost of each campus would be ~$2 million, although
it would in effect be a new town, making it possible to capitalise in other areas.

7.4 POTENTIAL FOR SOIL ENGINEERING SOLUTIONS
The soil engineering solution proposed in this project should be able to scale up accordingly without
any complications. However, there are several benefits that might come when this project was
scaled up to the whole Mediterranean region, such as;
•

Economy of scale factor, reducing the implementation cost of the solution proposed

•

A collaboration of various countries for soil properties database

•

A multinational vegetation and soil erosion monitoring system of the countries in the
Mediterranean region

•

Access to a variety of resources from different countries which may allow for more
potential using organic waste as a soil stabiliser

•

Collaborative technology may bring advancement in biodegradable materials thus causing
geotextiles to be feasible

7.5 ROBOTICS
Within other regions on the Mediterranean the wage for agricultural workers is significantly higher
than Morocco, especially the EU regions. Performing the same calculations as was done for
Morocco in 0, but in Spain where the wage paid to farm workers is over double that of Morocco
[131]. The results of this are shown in Table 26.
Table 26: A table comparing the costs between robots and humans performing agricultural tasks in Spain

Work source

Plant monitoring and

Planting trees and shrubs

aftercare (cost per hectare)

(cost per hectare)

Autonomous robot*

$25.75

N/A

Human labour in Spain

$32.76

$19.51

You can see from this table that the use of robotic labour would be cheaper than using humans to
perform these tasks, this would make the use of robots viable within higher wage regions where
they aren't in the lower wage countries like Morocco. There would be additional benefits as higher
wage countries tend to have better infrastructure and more access to higher skilled labour which
would make the use of robots easier.
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8 CONCLUSION
In summary, this project combines the use of observation, water harvesting, soil engineering,
afforestation and agricultural techniques to improve land quality and remove an amount of carbon
dioxide from the atmosphere.
A site location in Morocco was chosen to be representative of the Mediterranean in a broad range
of metrics, because it is an area affected by desertification and a project in this area is feasible. It is
to be used as a test-bed so that the concepts used on the small-scale may be expanded out to other
areas across the Mediterranean, to prevent the spread of desertification. This project sets out for
goals of sustainability rather than profit.
The technology for observation has been decided upon. Monitoring systems are to be used across
the site area: to gauge the success of desertification reversal by measuring soil quality; to keep track
of the growth of trees using infrared imaging technology on unmanned aerial vehicles (UAVs); for
the distribution of the harvested water, which includes the use of innovative cosmic ray detecting
technology to measure soil moisture; to check for changes in climate conditions due to the actions
of the project by tracking the weather. The capital cost to purchase all the monitoring systems is
estimated at $922,550. Skilled labour is required to carry out the biological tests on the soil, as there
are no cheaper alternatives. The decision was made against using robotics in this project, as at the
Moroccan site, low cost labour presents significant financial advantages over the use of robotics,
although this may be different in other locations.
Pinus halepensis trees were chosen as a suitable native tree species to use a primary tree in the
afforestation effort in the area, with its low water consumption, high survivability, growth rate and
a carbon sequestration of 23.54 kg CO2 p.a. making it the strongest contender for this role. To
improve the germination rates, scarification shall be used before planting the seeds. Water
harvesting techniques are the limiting factor, allowing the plantation of approximately 362,000
trees, giving a maximum total sequestration rate of approximately 8.54 kt CO2 p.a. after the 30-year
planting period suggested. As approximately 12,100 trees are expected to be successfully grown
annually (accounting for survival rates), this meant that the breakeven point in carbon costs would
come 15 years after the first year of planting trees, due to a capital carbon cost of 30.8 kt CO2 e and
variable carbon costs of 29 t CO2 p.a..
The main water harvesting technique to be used in this project is contour ridges which will be 90
% of the harvested land. Different techniques were chosen for different parts of the site area based
on metrics of rainfall, the gradients of the land and how the land is currently being used. The total
costs associated with water harvesting are $69,428,475 in finances and 27,903,148 kg CO2e as the
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associated carbon footprint. Desalination processes are not required in Morocco as the harvested
water will have a low enough salt content for the water to be digestible to plant life.
To distribute and deliver the harvested water across the region, 1 MW of pump power is to be used
to push water around a 16 km network of pipes and channels. The construction of this network has
an associated carbon cost of approximately 2 kt CO2 e because the 1 km pipe section is made of
PVC, and the channels will need to be dug out of the ground.
Soil engineering is a vital part of the project to allow afforestation to occur, as the current poorquality soil will not support plant life. A process involving mulching was picked to revitalise the
soil. As most of the area is currently taken up by private agriculture, a counter-intuitive method to
improve the soil quality using bunched livestock and grazing pattern suggestions to land owners in
the area will provide a low-cost technique to aid the reversal of desertification. Also, this will reduce
the amount of land that will have to be acquired from unwilling land owners that could cause social
feuds with the project and the local communities.
Details were given into how the to expand different technologies for a larger scale project. In this
it was decided to use a campus concept for afforestation and similar methods for choosing water
harvesting systems. If smaller-scale project is a success, these ideas can be developed for a larger
project involving a larger proportion of the Mediterranean.
In conclusion, the cost to run this project for the first 32 years will be $86,494,984, but the net
carbon sequestered in this time will be approximately 100.7 kt CO2. This is essentially a 330 %
“profit” from the capital carbon cost “investment” in this time-period helping towards meeting the
aims of the Paris agreement to prevent the further rise of global average temperature due to climate
change.
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10.1 PROJECT GANTT CHART
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10.2 COST BREAKDOWNS
10.2.1 General cost breakdowns
System

Work /

Unit

Price per

Units

unit ($)

required

year

~50,000

1

50,000

Year

~10,000

1

10,000

Work years

20,000

2

40,000

Material
Office space

Space for the

Cost ($/ann.)

monitoring
staff and other
labourers to
store
equipment
and work.
Server space

Rental for
servers so that
data can be
stored on a
network and
be accessible
for staff.

Maintenance

~2 skilled

staff

maintenance
staff to fix
damaged
property
Total 100,000

10.2.2 Water harvesting cost breakdowns
Cost break-down for a typical off-wadi gabion canal system
Work / Material

Unit

Price
per unit
($)

132

Units required

Cost
($)

Gabion walls (width 1 m, height 1

1 m length

195

2 rows of length 100

m plus concrete footing width 1.5

39,000

m = 200 units

m, height 200 mm)
Trench excavation (depth = 1 m)

0.3 m

18.72

Width of gabions +

(includes labour and machinery)

wide, 1 m

canals = 3m so 10

long

units per width;

18,720

length of canal = 100
m so 100;
units per length. Total
units = 1000
Total 57,720

Cost breakdown for reservoirs, hill-side conduit systems / jessour / contour bench terraces and
limans
System

Work /

Unit

Price per unit

Units

($)

required

Material
Reservoir

Concrete dam

Cost ($)

1m

884

25

22,100

1m

546

25

13,650

100 m

286

Spillways on

215

across wadibed (height =
3 m width = 1
m)
Hill-side

Excavation of

Conduit /

banks

Jessour /

Pipe walls and

Contour

spillways /

three sides of

Bench Terrace

excavation

the cropping

(25 m wide,

(Contour

area so 75 m =

total length of

Bench

0.75 units

catchment and

Terrace)

cropping area
of 100 m)
Hill-side Conduit / Jessour / Contour Bench Terrace Total
Liman

Liman

1m

420

13,865
Two rows of

catchment

25 m = 50

area

units
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21,000

excavation (2
m deep)
Average per System 18,988.33

Cost breakdown for the different on-farm micro-harvesting techniques
System

Work / Material

Unit

Price

Units required

per

Cost
($)

unit
($)
Inter-row

Remove topsoil and

100

harvesting

generate slopes

m2

109.2

10

1,092

109.2

10

1,092

109.2

Edge length of squares

170.35

(labour, materials)
Contour

Remove topsoil and

100

Ridges

generate slopes

m2

(labour, materials)
Negarims

Remove topsoil and

100

generate slopes

m2

varies between 5 m and

(labour, materials)

20 m so average area is
156.25 m2 so 1.56 units.

Semi-circular

Remove topsoil and

100

/ trapezoidal

generate slopes

m2

bunds

(labour, materials)

Meskats

Spillways. Works by
machine; excavate

100

109.2

Appropriate area is 250

273

m2 so 2.5 units

286

2

572

109.2

10

1,092

m

trench 0.45 m deep;
supply and lay pipe.
Vellerani-type

Remove topsoil and

100

bunds

generate slopes

m2

(labour, materials)
Average 715.22
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Cost breakdown for rooftop micro-harvesting
Work /

Unit

Price per unit

Units required

Cost ($)

3.38

100

338

2,697.96

1

2,697.96

Material

($)
m2

Moisture
protection layer
and drainage
layer
3.7 m3 Tank

Tank

Total

3,035.96

Summary of the cost of resources, construction and labour for each of the water harvesting
technologies to be deployed across the site area
I.D.

Construction

Cost ($)

1

1.24 km2 contour ridges;

1,354,080

6 x 200 m gabion canals

692,640

1.24 km2 contour ridges;

1,354,080

6 x 200 m gabion canals

692,640

180 hill-side conduit systems (25 m wide. 50 m slope length);

1,247,805

180 contour bench terraces (25 m wide, 50 m slope length);

1,247,805

2

3

2

1,620 bunds (each set of 3 is approximately 125 m )

73,710

4

8.5 km2 contour ridges

9,282,000

5

300 contour bench terraces (25 m wide, 100 m slope length);

4,159,350

3,600 bunds

163,800

6

2 x 20 m dams

35,360

7

2.58 km2 contour ridges

2,817,360

2

8

17.4 km contour ridges

19,000,800

9

540 hill-side conduit systems (25 m wide. 50 m slope length);

3,743,415

1,620 bunds

73,710

10

Liman 130 m by 60 m, totalling about 8000 m2

2,184,000

11

Liman 65 m by 60 m, totalling about 4000 m2.

1,092,000

12

540 hill-side conduit systems (25 m wide. 50 m slope length);

3,743,415

540 contour bench terraces (25 m wide. 50 m slope length);

3,743,415

4,860 bunds

221,130

2.28 km2 contour ridges

2,489,760

13
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14

6 km2 contour ridges;

6,552,000

12 x 1 km gabion canals

3,463,200

Total

69,427,475

10.2.3 Soil engineering cost breakdowns
Work/Material

Unit

Price per

Units required

Cost($

unit ($)
3

Mulch materials

m

0.101

[99]
Laborers, (Semi-Skilled) Foreman

m3

0.002

)
Volume of mulch

16616

required to have

0

5cm depth

3267

covering soil(m3)

[99]
Laborers, (Semi-Skilled)

m3

= 165000

0.007

10735

[99]
Total($) 18016
2

10.2.4 Afforestation cost breakdowns
Afforestation capital costs
System

Work / Material

Unit

Price per

Units required

Cost ($)

unit ($)
Planting Pinus

Pinus halepensis seeds [132]

Seeds

0.07

17,300 ×12

14,532

Units

0.30

18,000

5,400

Sets

~800

44

35,200

Units

~100

44

4,400

Units

~2,000

10

20,000

halepensis seeds for first 12 years of planting
in pots and
transferring to

0.2 m diameter pots (plus
spares) [133]

ground &
harvesting

Plant supervisor equipment
including laptop for data
entry
Bikes for supervisor light
travel
Golf buggies for supervisor
heavy travel
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Trailers for moving plants

Units

~500

10

10,000

Tree felling machinery (after

Units

50,000

1

50,000

30 years)
Shipping budget

~10,000
Total 149,532

Afforestation variable costs
System

Work / Material

Unit

Price

Units

Cost

per unit required ($/ann.)
($)
Planting Pinus halepensis 44 seasonal plant supervisors

Work

4.24

~31,000 131,440

Compost for potted plants [134] Litres

0.07

111,784

7,825

~12 trained, seasonal wood

Work

4.24

~3500

14,840

cutters for ~ 5 months (after 30

hours

seeds in pots and

labour, planting and monitoring hours

transferring to ground

for ~5 months each year

Harvesting

years)
Total 154,105

10.2.5 Monitoring cost breakdowns
Monitoring capital costs
System

Work / Material

Unit

Price per unit

Units

Cost

($)

required

($)

Soil moisture monitoring Cosmic ray sensors

Units

~500

1600

800,000

Soil moisture in

Electric soil moisture

Units

50

20

1,000

afforestation regions

meters
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Soil pH monitoring

Electric soil pH

Units

65

20

1,300

Equipment

~100,000

1

100,000

meters
Soil biology monitoring

Lab equipment

Weather monitoring

Weather stations

Units

150

5

750

Monitoring

Computers for

Units

~500

15

7,500

monitoring etc.
Monitoring

Shipping budget

~10,000
Total 920,550

Monitoring variable costs
System

Work / Material

Unit

Price per unit

Units required

($)
Monitoring

~10 permanent

Cost
($/ann.)

Work year

~8,000

10

80,000

Work year

~25,000

2

50,000

Per year

~50,000

1

50,000

labourers to carry
out monitoring
across site area
Soil biology

~2 skilled

monitoring &

science

other scientist

technicians for

requirements

biological
analysis of soil
samples
Rent and upkeep
of laboratory
Total 180,000

138

10.3 ENVIRONMENTAL IMPACT BREAKDOWNS
10.3.1 Water harvesting
kgCO2 breakdown for a typical off-wadi water-diversion system
Work / Material

Amount

Conversion Factor

kgCO2e

(kgCO2e / amount)
Gabion walls - rubble

320 tonnes

7.8123 / tonne

2499.94

139.2

131.8123 / tonne

18348.27

2.97049 / L

7562.15

Gabion walls – concrete

tonnes
Trench excavation – machinery use

2545.76 L

for 14 days = 112 hours
Total 28,410.36

kgCO2e breakdown for three wadi-bed macro-harvesting systems: a reservoir, a hill-side conduit
system / jessour / contour bench terrace and a liman
System

Work / Material

Amount

Conversion

kgCO2e

Factor (kgCO2e /
amount)
Reservoir

Concrete dam across wadi-

174

bed

tonnes

Hill-side Conduit /

Fuel consumption in use of

Jessours / Contour

machinery for spillway bank

Bench Terrace

excavation (1 day = 8 hours)
75 m of LDPE piping

131.8123 / tonne

22,935.34

180 L

2.97049 / L

534.69

0.258

2603.608

672.18

tonnes
Hill-side Conduit / Jessour / Contour Bench Terrace Total
Liman

Fuel consumption in use of
machinery for liman
excavation (2 days = 16
hours)
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360 L

1206.87
2.97049 / L

1069.38

kgCO2e breakdown for on-farm micro-harvesting techniques
System

Work / Material

Amount

Conversion

kgCO2e

Factor (kgCO2e /
amount)
Inter-row

Fuel consumption in use of

harvesting

machinery for removal of top

162.92 L

2.97049 / L

486.62

162.92 L

2.97049 / L

486.62

909.20 L

2.97049 / L

2700.77

54.61 L

2.97049 / L

162.21

545.52 L

2.97049 / L

1620.46

0.688

2603.608 / tonnes

1791.28

soil (3 days = 24 hours)
Contour Ridges

Fuel consumption in use of
machinery for removal of top
soil (3 days = 24 hours)

Negarims

Fuel consumption in use of
machinery for slope
excavation (5 days = 40 hours)

Semi-circular /

Fuel consumption in use of

trapezoidal

machinery for removal of

bunds

topsoil (1 day = 8 hours)

Meskats

Fuel consumption in use of
machinery for spillway
excavation (3 days = 24 hours)
200 m of LDPE piping

tonnes
Meskats Total 3411.74
Vallerani-type

Fuel consumption in use of

bunds

machinery for removal of top

162.92 L

2.97049 / L

486.62

soil (3 days = 24 hours)
Average 1289.10

kgCO2e breakdown for rooftop micro-harvesting
Work / Material

Amount

Conversion Factor

kgCO2e

(kgCO2e / amount)
Moisture protection

0.594 tonnes

3180.3494

1889.13

Drainage layer (PVC)

0.863 tonnes

3416.0558

2948.06

Tank

0.14 tonnes

3416.0558

478.25

layer (HDPE/fabric)
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3971.59

Summary of the emissions associated with the resourcing of materials, transportation of materials
and construction associated with water harvesting techniques in the site area.
Technique

Total Area (km2)

Total kgCO2e

Contour Ridges

39.24

19,094,969

Gabion Canals

0.0432

4,091,092

Hill-side Conduit Systems

1.575

2,107,756

Contour Bench Terraces

1.65

2,208,126

Bunds

0.42

272,512.8

Dams

0.00004

366.97

Limans

0.012

128,325.6
Total 27,903,148

10.3.2 Soil engineering
Mulching CO2 emissions
Work/Material

Unit amount(tonnes)

Conversion factor

kgCO2e

(kgCO2e/tonnes)

Carbon output of

Amount of mulch required to

1.0192 (based on Greenhouse

mulching

reforest 33km2 with 5cm

gas reporting: conversion

depth = 577500

factors 2018)

5.89E+05

10.3.3 Afforestation
Afforestation capital CO2 cost
System

Work / Material

Amount

Conversion Factor kgCO2e
(kgCO2e / amount)

Planting Pinus

0.2 m diameter pots (plus

halepensis seeds in pots spares) (see section 4.6.4)
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18,000 items

1.544

27,792

and transferring to

44 Plant supervisor

ground & harvesting

equipment including laptop

2200 kg

1.7596

3,871

44 units

205.968

9,063

10 units

8,388

83,880

10 units

1,311

13,110

1 unit

~91,000

91,000

10,000 km

1.005

10,050

for data entry. Assuming it is
50 kg per supervisor of small
electrical equipment.
44 Bikes (~16 kg Aluminium)
for supervisor light travel
Golf buggies for supervisor
heavy travel. 10 vehicles
approximately 100,000 km
range, including manufacture
carbon.
10 Trailers for moving plants
(~100 kg)
Tree felling machinery (after
30 years) Estimation with 10t
steel and added 100,000 km
unladen HGV diesel fuel.
Shipping budget. 10,000 km
HGV diesel fuel.
Total 238,766
Afforestation variable CO2 cost
System

Work / Material

Amount

Conversion Factor kgCO2e/ann.
(kgCO2e / amount)

Planting Pinus

Compost for potted plants

78.25 t

16.91

1,323

halepensis seeds in
pots and transferring
to ground &
harvesting

Total
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1,323

10.3.4 Monitoring
Monitoring capital CO2 cost
System

Work / Material

Amount Conversion Factor

kgCO2e

(kgCO2e / amount)
Soil moisture

Cosmic ray sensors – small

monitoring

electronics ~10 kg

Soil moisture in

Electric soil moisture meters –

afforestation regions

small electronics ~0.2 kg

Soil pH monitoring

Electric soil pH meters – small

1600

17.6

28,160

20

0.352

7

20

0.352

7

electronics ~0.2 kg
Soil biology

Lab equipment

1

Weather stations – small

5

35.2

176

15

8.8
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10,000

1.005

10,050

Total

38,532

Conversion Factor

kgCO2e/ann.

monitoring
Weather monitoring

electronics ~20 kg
Monitoring

Computers for monitoring etc.
– small electronics
~5 kg

Monitoring

Shipping budget -10,000 km
HGV diesel fuel

km

Monitoring variable CO2 cost
System

Work / Material Amount

(kgCO2e / amount)
Soil biology monitoring &

Rent and upkeep

~100,000

other scientist requirements of laboratory

0.28307

28,307

kWh
Total
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28,307

10.3.5 Robot Calculations
Method
Calculate the average to plant a single seed
to plant each seed a person will need to walk 10m, to changing form one row to
another is a distance of 10m that needs to be done every 10 plants
divide the time spent working each day by the average time to plant to calculate
how many seeds can be planted
Add on the fixed costs for things other than work after the cost of man hours is
done

average wage(per hour)

$5.76

Cost of transport per person per day

$5.00

Cost of lunch and water per person, per day

$3.00

cost of purchasing equipment per person per day

$0.01

Calculation
time(seconds) per seed

175.94

seeds planted per workday

143.23

hectares planted per worker per day

1.43

cost per person per day

$46.08

total cost per person per day

$54.09

cost per hectare

$32.17

Method
Calculate the time taken to measure a hectare
divide the time per hectare to find out the area covered per day
calculate the total cost per day
divide total cost by area covered

average wage (per hour)

$5.76

Cost of transport per person per day

$5.00

Cost of lunch and water per person, per day

$3.00
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cost of purchasing equipment per person per day

$0.01

cost of measuring equipment per hectare

$5.00

calculation
time(seconds) per hectare

6760

total area covered per work day

$3.73

cost per day of work

$72.73

cost per hectare

$19.51

Robotic planting
Based off French robot
$30,000 each
robots will work continually for 2 years
after 2 years when warranty ends the cost will change
cost of transport is about $230 per unit
cost of an engineer to setup each unit $500
each unit will breakdown once a year on average, cost of $1000 to fix

Calculation
working time(hours) per year

625.7142857

cost per unit

$32,230.00

hours worked per unit

$25.75
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