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Abstract  

The sustainability of natural resources is vital in the light of a rapid population growth and the 
associated ever increasing demand for services and products. Critical to this growth is the 
question of energy, water and food (EWF) security. The systems representing the three 
resources are intrinsically interdependent in what is known as the EWF Nexus. As such, there 
is a need to develop assessment tools that adequately quantify the inter-dependencies between 
EWF systems and the surrounding environment in order to identify and evaluate the trade-offs 
and synergies between them. Existing assessment methodologies do not explicitly identify and 
quantify the inter-linkages between EWF resources throughout product systems. As a result, 
decision making regarding the allocation of resources towards the development of a product 
or service, and the subsequent impact on resource sustainability and environmental 
degradation, is obscured. Furthermore, earlier approaches translate product system inputs into 
outputs through the use of generic databases. As such, analysis of product systems operating 
within varying spatial and temporal scales is hindered.  

The EWF Nexus tool is a culmination of well-established theories related to system 
engineering such as Industrial Ecology and LCA. With emphasis on the inter-linkages 
between EWF resources, the EWF Nexus tool quantifies material flow and energy 
consumption at component unit process level. The tool is distinguished from previous 
assessment tools in that it aggregates product systems in terms of the constituting processes 
identified as sub-systems. Representing complex systems in this manner offers advantages to 
conventional gate to gate representation. For instance, consideration of process variability and 
dependencies alleviates flexibility limitations associated with generic databases. Furthermore, 
with the inter-linkages between EWF resources adequately represented in sub-system design, 
the respective consumption of resources can be accurately accounted for in product systems. 
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Considering the flexibility and modularity embedded within the EWF Nexus tool, the 
identification of environmental pressures can be computed for product systems operating 
within varying spatial settings utilising different technology options and in multiple 
configurations. 

The objective of this thesis is to present the details and function of the EWF Nexus 
environmental assessment tool, and illustrate its implementation through a specific food 
security scenario in Qatar. The EWF Nexus tool aggregates a proposed food system into its 
agriculture, water and energy components represented by sub-systems and is used to evaluate 
the different pathways for which a hypothetical 40 % food self-sufficiency target in Qatar can 
be achieved. 

As part of the LCA, sub-system LCI models representing the EWF systems have been 
developed. The food nexus element includes sub-system LCI models for the production of 
fertilizers and agricultural activities such as the application of fertilizers and the raising of 
livestock. The water nexus element includes sub-system LCI models for two desalination 
processes; Multi-Stage Flash (MSF) and Reverse Osmosis (RO) for the production of fresh 
water. The energy nexus element includes sub-system LCI models for power generation from 
two sources; a combined cycle gas turbine plant (CCGT) and renewable energy from solar 
Photovoltaics (PV).  Furthermore, a sub-system for a biomass integrated gasification 
combined cycle (BIGCC) is integrated to recycle solid waste into useful forms of energy to be 
re-used within the EWF Nexus. Finally, a sub-system representing carbon capture (CC) 
technology is integrated to capture and recycle CO2 from both the CCGT and the BIGCC. The 
integration of CC with the BIGCC transforms the carbon neutral BIGCC process to a negative 
GHG emission technology with carbon capture and storage (BECCS). 

For the different scenarios and sub-system configurations considered, the results indicate that 
the largest global warming potential (GWP) originates from the non-energy related emissions 
within the food sub-systems. Within this category, emissions from the enteric fermentation 
processes present in livestock species represent the overwhelming majority of the GWP. 
Emissions from the power generation are reduced as power from PV technology is integrated 
as a substitute for the CCGT. The GWP is further reduced by 45 % as the BIGCC is 
integrated to supplement PV’s. The complete roll out of PV and the BECCS (BIGCC +CC) 
to power the water and food sub-systems can almost completely balance the GWP from the 
non-energy related emissions by reducing the total GWP by 98 %, attributed to a theoretical 
achievable maximum negative emission of 1.15×109 kg CO2/year. In the same scenario, the 
PV land footprint required calculated is a maximum of 660 ha accompanied by a 127 % 
decrease in natural gas consumption (27 % credit). 
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Introduction and Objectives  

 Introduction and Objectives  Chapter 1

1.1 Introduction  

Rapid advances in the industrial enterprise are marked by the advent of the industrial 

revolution in the 1700’s. Characterised by innovative processes and a wide spectrum 

of technological advances, mankind’s lifestyle has been dramatically influenced, 

resulting in; higher standards of living, life expectancy increases, improvements in 

healthcare and education and increased agricultural productivity (McDonough and 

Braungart, 2010). However, the industrial revolution, epitomised by the creation of 

the steam engine in 1784, and fuelled by fossil fuels, has negatively impacted the 

Earth system (Ellis, 2011). The Earth has transgressed from an era of stability known 

as the “Holocene” to an era of uncertainty known as the “Anthropocene”. An era 

which corresponds to the significant impact human activities have had on the Earth’s 

eco-systems (Mathews and Small, 2000).  

Crutzen and Steffen (2003) have identified the period following the year 1950 as the 

period in which human activities transitioned from being an influential power to a 

more dominant force within the Earth system, and is known as the “great 

acceleration”. In fact, the Earth system is now considered to be undergoing 

irreversible changes on a global level with: (1) irreversible damage to its biological 

fabric; (2) exposure to unsustainable consumption patterns of its resource stocks; and 

(3) affected by alterations in the energy balance at its surface (Steffen et al., 2007).  

At the current trajectory, the Earth will experience irreversible environmental 

damage; the most notable is a likely 5 oC increase in global temperatures above pre-

industrial times. A temperature increase of this magnitude will have severe 
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repercussions on the national environment leading to migration on unprecedented 

levels, conflict over natural resources and shelter coupled with economic dislocation 

(Stern, 2010). In broad scientific terms, nature’s carrying capacity has been severely 

affected and global system degradation is now very much prevalent.  

A startling statsitic to consider is that 20 % of the Earth’s population are inducing 

more than 80 % of anthropogenic material flows (Hinterberger et al., 1997). As such, 

the sustainability of mankind’s current trajectory is questionable. As populations 

grow, the impact on the Earth system continues to grow in proportion. Ehrlich and 

Ehrlich (1990) stress the importance of controlling population growth and they have 

identified the overgrowth of the human population as the “underlying cause of the 

planet’s unease”. A chilling warning in this regard is provided by the authors of the 

limits to growth (Meadows et al., 1992); “if the present growth trends in world 

population, industrialization, pollution, food production, and resource depletion 

continue unchanged, the limits to growth on this planet will be reached sometime 

within the next 100 years.”  

Evidently, a change in current practices in all resource sectors is necessary to shift the 

balance back into the Holocene. A new order of operation is required, a re-

configuration of the modern day system design to appropriately account for the 

natural environment when delivering products and services. Sustainable development 

is considered as one alternative to the type of development witnessed since the 

industrial revolution and can be defined; as the type of development that “meets the 

need of the present without comprising the ability of future generations to meet their 

own needs” (Bruntdland Report, 1987).  

The principle of sustainable development is related to the harmonious integration of 

social, economic and environmental dimensions in all product systems, where the 

potential for growth is evaluated relative to the limit of the carrying capacity of the 

Earth system (Ehrenfeld, 1997). As the demand for services and products continue to 

increase in light of rapid population growth it is vital to ensure the sustainability of 

natural resources. Critical to this growth is the question of energy, water and food 

(EWF) security/sustainability. Understanding the interdependencies between the three 

resource sectors can provide a measurable account for resource depletion in the 

assessment of product systems. Furthermore, exploiting the inter-linkages between 
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EWF resource sectors in the context of product systems can have measurable 

significance in reducing resource depletion and environmental degradation. In order 

to minimise environmental degradation, product systems (can be used 

interchangeably with industrial systems) should be developed in conjunction and in 

consideration, where possible, with supporting Earth system services (i.e. natural sub-

systems).  

Assessment or enabling methodologies related to the above are wide spread and can 

take up several shape and forms. For instance, isolated evaluation of one or two of the 

EWF resources (i.e. water – energy) has dominated integrated resource assessment. 

Furthermore, the quantification of inputs into product systems and the subsequent 

determination of outputs both in terms of useful products and waste emissions are in 

most cases based on generic conversion coefficients. In this regard, there is an 

absence of a clear methodology that underpins the extent of resource depletion, 

evaluates environmental degradation, whilst enabling the identification of trade-offs 

and synergies within the same framework. Identifying the inter-linkages between 

EWF resource sectors, their constituting processes, inputs, outputs and technology 

implications can provide the foundation for such a framework.  

 

1.2 Research Objectives 

Products and services influence and are influenced by EWF resources with varying 

degrees of exposure. The systems representing EWF resources are intrinsically 

interdependent where impact on any one of them will have a simultaneous impact on 

the remaining two. The inherent relationship that exists between EWF resources is 

known as the EWF Nexus. Analysis which incorporates the EWF Nexus will provide 

a new dimension for system analysis, ensuring that the environment is appropriately 

accounted for when exploited to produce products and services. Considering the 

additional impact on the natural environment throughout a product’s life cycle, it is 

necessary to identify the inter-linkages between EWF systems, the natural 

environment and the product itself. For instance, when evaluating the environmental 

performance of a food production system, aggregating the system in terms of its 

agriculture, water and energy components is key to developing a life cycle blueprint 

of the product.  
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The objective of this thesis is to introduce an assessment tool that considers the EWF 

Nexus in the analysis of product systems, and in the context of a natural 

environment. Furthermore, a tool which aadequately compiles product system inputs 

and outputs, and tracks material flow within it through process representation 

enables; (1) the identification of trade-offs and synergies, and (2) computation of 

environmental degradation or enhancement. The proposed assessment tool will 

integrate EWF resources in one robust model and at an appropriate resolution. 

Guided by Life Cycle Assessment (LCA) methodology, the tool will translate the 

outputs of the product system into environmental scores representing the impact on 

terrestrial, atmospheric and marine eco-systems. Enabling modulation within system 

design, the EWF Nexus tool will utilise a whole systems approach described by a 

series of sub-systems that constitute each of the EWF resources. Finally, an 

engineering functionality embedded within the tool enables the parameterisation of 

key unit processes such that different product systems with varying spatial and 

technical characterstics can be analysed.   

Considering a food security problem as the representative product system to illustrate 

the functionality of the tool, an environmental assessment for a hypthetical food self-

sufficiency of 40 % for the State of Qatar will be provided. The assessment will 

consist of examining given food production scenarios delivering the same 40 % target 

on atmospheric, terrestrial and marine eco-systems. Qatar’s food security aspiration 

has been chosen as the case study because of the unique condition of EWF resource 

sectors within the state, and the need to re-configure the product/food system to 

deliver food security whilst adhering to sustainability principles.  

Qatar is situated within the Arabian Gulf in the heart of a volatile Middle East region. 

Resource distribution within most countries in the Arabian Gulf is polarised, i.e. 

whilst they are rich in energy resources, they suffer from severe water scarcity. 

Coupled with an extreme arid climate, food production is challenging and is often 

inefficient and unsustainable. As such, the EWF Nexus tool is configured to 

determine the extent of environmental degradation from the proposed food/product 

system and identify synergies where possible to minimise the impact.  
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1.3 Thesis structure 

This remaining chapters of this thesis are organised as follows: 

Chapter 2: an insight into the status of EWF resources in the context of global risks 

and trends. 

Chapter 3: an insight into the Earth system and the sub-systems that influence EWF 

resources. This includes a detailed review of the anthropogenic food and natural 

nitrogen sub-systems.  

Chapter 4: an introduction to the EWF Nexus theory and a review of the relevant 

literature. 

Chapter 5: a detailed description on the methodology used in the development of the 

EWF Nexus tool. This includes a review of systems engineering, life cycle 

assessment, industrial ecology and nitrogen budgeting. Furthermore, the Qatar 2025 

food production case study is introduced.  

Chapter 6: water sub-system model development; this will include the development 

of LCI models for the Multi stage Flash (MSF) thermal and Reverse Osmosis (RO) 

mechanical desalination processes. Furthermore, a detailed evaluation of the local and 

regional environmental impacts of desalination on the Arabian Gulf is included in this 

chapter. 

Chapter 7: energy sub-system model development; this will include the development 

of LCI models for both non-renewable (natural gas) and renewable energy (solar 

energy) sources.  

Chapter 8: food sub-system model development; this will include the development of 

LCI models for fertilizers and the management of livestock. Furthermore, the 

development of the agricultural eco-system nitrogen budget as part of the EWF Nexus 

tool is included in this chapter. 

Chapter 9: waste management sub-system model development; this includes the 

development of LCI models for the gasification of manure biomass and the use of the 

product syngas to generate power. Furthermore, LCI models for the integration of 

carbon capture technology with different power generating technologies are detailed. 

Chapter 10: the evaluation of the different scenarios considered as part of the Qatar 

EWF Nexus study, in addition to an overview of EWF inter-linkages.   
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Finally, chapter 11 presents the main conclusions and accomplishments of the 

research and makes recommendations for future research. 
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 Global Resources: Trends and Chapter 2
Risks 

The current human trajectory is placing ever increasing pressure on the Earth system. 

Hinterberger et al. (1997) states that the anthropogenic material flows extracted and 

used to create material wealth, including those related to ores, coal, water, soil, timber 

etc., has resulted in significant environmental degradation. With regards to the impact 

of anthropogenic activities within the 2050 time frame, we can expect to witness 

severe ecological changes with temperature increases in the range of 2 – 2.75 oC and 

reduced rainfall in the order of 20 – 25 % (Ragab and Prudhomme, 2002). 

The mismanagement of EWF resources is expected to have far reaching societal and 

economic consequences. A study conducted by the World Economic Forum related to 

global risks has identified the future security of EWF resources as “chronic 

impediments to economic growth and social stability” (WEF, 2011). With global 

population expected to reach nine billion by the year 2050, the increasing demand for 

EWF resources will only serve to increase the rate of environmental degradation. This 

section will review and analyse in depth the current status of EWF resources and their 

future outlook.  

 

2.1 Water Resources 

The global hydrological cycle ensures that there is several times more water available 

than is required to support human ecological functions. However, the uneven 

distribution of the available water resources significantly affects its accessibility 
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(Postel, 2000). It is estimated that less than 3 % of the fresh water available on the 

earth is fit for use, of which 69 % is locked up in glaciers. Furthermore, the 

availability of this fresh water, both in the form of surface and ground water is in 

decline with the appropriation of 50 % of all renewable and accessible freshwater 

flows (WEF, 2014). It is expected that renewable fresh water supplies will be further 

stressed due to external drivers such as global warming, reduced precipitation and 

unsustainable rates of consumption. In fact, it is estimated that by 2025, 1.8 billion 

people will be living in countries or regions with absolute water scarcity (UN-Water, 

2007).  

 

Figure 2-1:  Global physical and economic water scarcity (IWMI, 2007). 

There is a difference between regions which are vulnerable to water scarcity and 

water stress. Water stress is defined as the ratio of water use (the amount of water 

extracted from the hydrological system) over the total amount of renewable water. 

Where water stressed regions imply physical scarcity, low water stressed regions may 

not readily have access to water thus implying economic scarcity (UN-Water, 2007). 

Evidently, the Middle East region and Africa are the regions with the most prevalent 

physical and economic water scarcity respectively as illustrated in Figure 2-1 

(WWAP, 2012). Many countries within the Middle East suffer from absolute water 

scarcity with an estimated 500 m3 of renewable water resources available per 

capita/year. This unworthy characteristic can be attributed to water consumption far 

exceeding total renewable water supplies (UNESCO, 2012).  

Water withdrawal is defined as the water diverted or withdrawn from a surface or 

groundwater source. Consumptive water use is defined as the water which is 

permanently withdrawn from its source and is no longer available because; it has 
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evaporated, transpired by plants, incorporated into crops and products, consumed by 

people or livestock. Essentially, water consumption encompasses all the water that 

has been removed permanently from the water environment, also known as the 

terrestrial water cycle (Cohen, 2002). Annual global fresh water withdrawal has 

grown from 3,790 km3 in 1995 (of which consumption accounted for 2,070 km3 or 

61%), to 4,430 km3 in 2000 (of which consumption accounted for 2,304 km3 or 52%) 

(Shiklomanov, 1999).  

 

 Water Consumption Pattern 2.1.1

Water withdrawal for domestic (10%), industrial (20%) and agricultural sectors 

(70%); is driven by demographic changes, technological developments, economic 

growth and changing diets (WWAP, 2012). The agriculture sector is by far the largest 

consumer of blue water (i.e. surface or groundwater) used for irrigation estimated at 

2500 km3/year globally, representing 70 % of total blue water consumption. 

Furthermore, 80 % of global cropland, which incidentally accounts for 70 % of global 

food production, is irrigated using green water (i.e. rain fed). In some cases blue 

water is used to supplement green water on irrigated fields in order to optimise crop 

growth (Rost et al., 2008).  

The water used for energy generation purposes is an important part of the industrial 

sector. Water is used across the whole supply chain in the extraction and processing 

of all resources such as coal, uranium, oil and gas. Furthermore water is crucial in 

power generating facilities which utilise hydroelectric and steam turbines and those 

that require cooling (WWAP, 2014). The biggest share of this fresh water is stored in 

reservoirs and dams for electrical power generation. Unfortunately, the volume of 

water evaporated from reservoirs is estimated to exceed the combined fresh water 

needs of industry and domestic consumption, constituting a significant contributor to 

global water losses (UNEP, 2008). In 2010, it was estimated that water withdrawals 

for energy production was 583 billion m3 of which 66 billion m3 was consumed (IEA, 

2012).  

 

  9 



Global Resources: Trends and Risks  

 Addressing Future Water Challenges 2.1.2

External drivers will continue to pressure global water tables with water stressed 

countries likely to be the most effected. Global water demand (in terms of 

withdrawal) is set to increase across all sectors amounting to a total projected increase 

of 55 % by 2050. During the same period it is expected that 40 % of the world’s 

global population will live in areas of severe water stress (WWAP, 2012). The water 

demand from the agriculture sector will increase as food demand increases by 70 % 

by 2050. This is in addition to greater affluence driving changes in diets to more 

water intensive consumables such as cereals and meat products which are expected to 

increase by 65 % and 56 % respectively by 2050 (De Fraiture et al., 2007).  From a 

supply perspective, there are inherent challenges in ensuring the sustainable provision 

of water to meet future demands: 

• Overconsumption and mismanagement of resources has led to groundwater 

depletion, low or non-existent river flows and water pollution. Groundwater is 

an important source of water representing 26 % of total global withdrawal and 

40 - 50 % water used in irrigation. The excessive exploitation of ground water 

has resulted in serious environmental implications such as increased salinity 

levels because of saltwater intrusion into aquifers (Llamas and Martnez-

Santos, 2005; Siebert et al., 2010; UNESCO, 2012).   

• The effects of climate change on the hydrological cycle have the potential to 

be disastrous. The Middle East is particularly susceptible, it is expected that 

higher global temperatures will increase the rate of water evaporation 

affecting water supplies directly and in-directly; increase soil temperatures 

and aridity; result in seasonal rainfall patterns shifts; reduce groundwater 

recharge rates; increase frequency of extreme weather events; and result in 

increased sea levels and water salinity in costal aquifers (UNESCO, 2012).  

• Increased urbanisation is driving rapid increases in water demand. It is 

estimated that by the year 2025 approximately 5 billion people will live in 

cities representing 61 % of the global population, a 16 % increase from the 

1995 population. As a result the share of global water resources allocated to 

households and industries in developing countries will increase by 27 % 

(Postel, 2000). Furthermore, there are substantial concerns with water 

pollution and waterborne diseases (Vörösmarty et al., 2000). 
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2.2 The Provision of Food  

The sustainable provision of food is paramount to meeting the demands of a growing 

global population and ensuring food security, defined as; “when all people, at all 

times, have physical and economic access to sufficient, safe and nutritious food to 

meet their dietary needs and food preferences for an active and healthy life” (FAO, 

1996).  There are three core determinants of food security: (1) food availability, 

which refers to the amount, type and quality of food a unit has at its disposal to 

consume; (2) food accessibility which considers the economic and logistical access of 

those at the household level to food; and (3) food utilisation which relates to how the 

food consumed translates into beneficial nutrient intake.  

The world average per capita availability of food for direct human consumption, after 

allowing for waste, animal-feed and non-food uses has in recent years improved to 

2,770 kcal/person/day. As such, there is sufficient global aggregate food available for 

the dietary needs of the majority of the population. However, a global system failure 

has prevented this from taking place. Today, 2.3 billion people consume under 2,500 

kcal/day whilst 0.5 billion people live in countries where consumption is less than 

2,000 kcal/day and 1.9 billion people live in countries consuming more than 3,000 

kcal/day (Alexandratos and Bruinsma, 2012). Whilst in some areas one in every 

seventh person is overfed, in other areas food insecurity is very much prevalent with 

an equal proportion of people suffering from chronic hunger or not getting enough 

food to conduct an active healthy life (FAO, 2013).   

 

 Feeding a Growing Population 2.2.1

Agricultural production will need to increase by 70 % in order to satisfy the 2050 

population of 9 billion. Incidentally, annual cereal production will increase from the 

2.1 billion tonnes produced today to about 3 billion tonnes, in addition to a minimum  

two fold increase in meat production to 470 million (FAO, 2009). There is the 

question on what type of actions global food systems should undertake to alleviate 

food insecurity.  

With respect to the food availability, closing the ‘yield gap’ is considered 

fundamental in reducing the significant disparity between current and potential 
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agricultural output amongst crop and livestock systems. Low yields in most parts of 

the world occur due to technical constraints where there is an absence in the 

necessary knowledge, skill set and modern technology required to increase 

productivity (Godfray et al., 2010). It is expected that expansion in cultivated land 

will continue to rise, adding 6 million ha per year to 2030 of which more than 60 % 

will come from sub-Saharan Africa and Latin America. At present there is a decline 

in the cultivation of additional land from industrialized and transition countries (-0.9 

and -2 million ha respectively) which have been compensated by increases of 5.5 

million ha per year from developing countries. However, expansion estimates are 

highly influenced by successes in productivity improvements across lands that are 

already cultivated (Byerlee, 2011). 

The reduction of waste in the food supply chain is also vital to increasing the global 

availability of food. It is estimated that 30 – 40 % of total food production in both 

developing and developed regions of the world is lost to waste. This can equate to 

approximately 1.3 billion tonnes per year of food and the resources used throughout 

the supply chain wasted (Gustavsson et al., 2011). Although, increasing production 

and therefore the availability of food is necessary to meet future demand, this must be 

complemented by better accessibility and utilisation of food (Schmidhuber and 

Tubiello, 2007).  

 

 Food Production Challenges 2.2.2

The global food system faces a colossal challenge to meet the demands from a larger 

more affluent population, and doing so in a manner which is socially and 

environmentally acceptable (Godfray et al., 2010). The multiple dimensions of food 

security (availability, accessibility, utilisation) are all affected by external pressures:  

1. changes in dietary trends; the rapidly changing characteristics of human diets 

to more protein based diets will prove to be a major challenge for the global 

food system (Godfray et al., 2010), 

2. climate change; The direct effects of climate change have been widely 

accepted in which higher temperatures will impact agricultural productivity. 

There are in-direct effects which also need to be considered. This includes the 
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impact changes in the hydrological cycle may have on agriculture 

characteristics, such as; vegetation patters, crop growth rates and soil moisture 

regime (Ragab and Prudhomme, 2002). Lockwood (1992) discussed two 

scenarios in which agriculture will be affected due to changes in the earth’s 

geophysical system. In temperate regions; the growing season will increase, 

increased CO2 will benefit crops and the demand for irrigation water will also 

increase. Considering tropical regions in contrast; the growing season will 

reduce, higher temperatures and humidity will lead to the sterility of crops 

such as rice, increase in the occurrence of diseases and pests, uncertainties of 

the monsoon season making crops more vulnerable to water deficits,  

3. environmental constraints; in many areas of the world intensive agriculture 

has caused many environmental systems to reach their limits. Processes within 

agricultural production produce a wide range of emissions (e.g. CH4, NO3, to 

NH3, N2O, CO2) contributing to acidification, global warming and human 

toxicity impacts (Brentrup, 2003; Brentrup and Lammel, 2011).  

 

2.3 Energy Resources 

The industrial revolution has transformed the way in which humans harness energy, 

paving the way for a technologically advanced modern society. The industrial world 

today is characterised by the fact that global energy intensive sectors account for 

around one fifth of industrial value added, one quarter of industrial employment and 

70 % of industrial energy use (WEO, 2013). In line with the population growth and 

continued expansion of the global economy, the energy demand will continue its 

increase at an average rate of 1.6 % reaching 17,400 Mtoe in 2035 (WEO, 2013). For 

this reason, energy especially in the form of fossil fuels which provide 80 % of the 

world’s energy demands will always be critical to this growth. However, fossil fuel 

utilisation will also always be source of environmental degradation, conflicts and 

market fluctuations. 
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 The Energy Outlook  2.3.1

At present, energy conversion processes are by far the largest source of emissions 

contributing 69% of global anthropogenic greenhouse gases emissions. Smaller 

shares correspond to agriculture (11 %), producing mainly CH4 and N2O from 

domestic livestock and rice cultivation, and to industrial processes not related to 

energy (6 %), producing mainly fluorinated gases and N2O; with smaller 

contributions from numerous other sources (14 % combined total) (EC-JRC/PBL, 

2011). In terms of energy demand, developed countries have witnessed stabilised CO2 

emissions in the last few years whilst the Middle East and China have recorded the 

largest increases in CO2 emissions (IEA, 2014a). 

Considering the 2040 time frame, energy demand is projected to increase by 37 % 

with Africa, Middle East and Latin America representing approximately 60 % of the 

global total (IEA, 2014b). It is expected that all forms of power generation will 

increase in order to meet the demand; natural gas (48 %), nuclear (66 %), oil (13 %), 

renewables (77 %). However, as energy utilisation will continue to grow, the detail 

will change. This change is epitomised by two phenomena; (1) major importers are 

becoming exporters. The development of unconventional sources of gas and oil has 

led to the prediction that countries such as the USA will become the world largest oil 

export in the near future; (2) traditional exporters are rapidly becoming hotspots for 

growth. In this regard, the largest demand for energy is now concentrated in the 

Middle East, India and China (WEO, 2013).  

Rapid development and population growth has propagated emerging countries to high 

levels of energy consumption representing more than 90 % of global net energy 

demand growth. Considering the Middle East, its position in energy markets will 

experience historic changes. Together, countries within the Middle East region are 

expected to become the second largest consumer of natural gas by 2020 and the third 

largest consumer of oil by 2030 (WEO, 2013). Global demand for oil will continue to 

increase from 86.7 mb/d consumed today to an estimated 101.4 mb/d in the year 2035 

and will continue to represent the largest component of the global energy mix at 27%. 

The global natural gas prediction will increase by 47 % by 2035 through the 

development of unconventional gas and increasing global LNG capacity (WEO, 

2013). The Middle East region (including both Qatar and Iran) has the largest global 
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reserves of conventional gas. Although, production is predicted to increase by the 

year 2035 to 300 bcm, this increased capacity will serve domestic needs (i.e. within 

the Middle East region).    

Renewable energy occupies a small share of the global energy mix (11 % in 2013) 

with an expected to increase by at least 75 % in 2035 (WEO, 2013). Countries have 

varying motivations behind adopting renewable energy and the selection of the 

appropriate type of technology is highly dependent on the surrounding environment. 

The Gulf Cooperation Council (GCC) like other emerging regions is experiencing 

rapid development. As such, the interest in renewable energy in the Middle East has 

increased over the years with an additional 100 GW of installed power generation 

capacity expected over the next ten years. The benefits from the increased utilisation 

of renewable energy to meet the growing energy demand include; diversification of 

energy supply, reduction in domestic carbon footprint and increased opportunities for 

the export of natural reserves (Bhutto et al., 2014).  

The development of alternative energy technologies, energy efficiency initiatives and 

carbon capture and storage (CCS) programs are critical to both satisfying energy 

demand and sustainable development (Ebinger et al., 2011). Renewable energy in the 

form of solar power is touted as one of the most promising and suitable technologies 

for the Middle East. It is estimated that the annual average global radiation available 

to Photovoltaics (PV) modules in the GCC is 6 kWh/m2/day, suggesting that; a land 

area of approximately 1,000 km2 (0.2 percent of the GCC) covered with photovoltaic 

cells at 20 percent efficiency could produce 438 TWh every year, more than the 400 

TWh typically consumed by the region (Ebinger et al., 2011).  

Significant research and development is currently focusing on carbon dioxide capture 

and storage (CCS). CCS is considered a viable technology to maintain hydrocarbon 

driven power generation whilst mitigating CO2 emissions (Ebinger et al., 2011; Korre 

et al., 2012). In the analysis conducted by the IEA (2013), CCS has the potential to 

contribute to one-sixth of emission reduction required by 2050. However, it is 

predicted that by the year 2035, only 1 % of the global fossil fuel-fired power plants 

will be equipped with CCS (WEO, 2013). The deployment of large scale commercial 

CCS projects is highly contingent on financial and policy support by governments, 
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and a market where the price of CO2 is attractive and suitable for enhanced oil 

recovery (WEO, 2013). 

 

 Costs of Climate change 2.3.2

From a global perspective, Stern (2010) estimates that a 20 Gt CO2e absolute 

reduction in emissions is required by 2030 in order to maintain CO2 concentrations 

in the atmosphere at 500 ppm, corresponding to approximately half of today’s 

emissions. In the 2050 horizon, 80 % reduction in GHG emissions is required 

considering the global economy will expand by a factor of 2.5 (Jacobson, 2009; 

Stern, 2010). This equates to an investment corresponding to 2 % of the global GDP 

which is required to maintain concentrations at 500 ppm (Stern, 2010). 

The World Health Organization (WHO) estimates that as many as 160,000 people die 

annually from the side-effects of climate change and the numbers could almost 

double by 2020 (McMichael et al., 2006). Developing regions such as Africa, Latin 

America and Southeast Asia are the most vulnerable with exposure to widespread 

malnutrition, diarrhoea and malaria, the result of warmer temperatures, droughts and 

floods (Stern, 2010).  

The Middle East region is expected to overtake the organisation for economic co-

operation and development (OECD) in terms of CO2 emissions per capita. Vulnerable 

to the effects of climate change, the region can expect increased desertification, 

reduced precipitation, loss in biodiversity, water and air pollution, and increasing 

water scarcity. Furthermore, a rise in a sea level will likely affect marine life and 

coast lines and could impact desalination plants (Bhutto et al., 2014). Brown and 

Crawford (2009) consider that the effects of climate change on a region which has 

suffered from 60 years of conflict will further reduce its ability to cope with potential 

threats, such as: 

• increased competition for scarce water resources thus complicating peace 

agreements;  

• the worsening of poverty and social instability due to hindered economic 

growth; 
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• increased perceptions of resource depletion resulting in increased military 

activity. 

 

 

This section has summarised the main challenges facing EWF resources and their 

relation to the natural environment. In conclusion, the uncertain nature of global 

stability underscores the responsibility of industrial systems to ensure the 

sustainability of EWF resources in the delivery of products and services. One option 

is the appropriate integration of technology options (i.e. PV and carbon capture) to 

reduce the environmental burden of product systems, in terms of both resource 

utilisation and waste emissions. However, first and foremost, understanding the 

systematic behaviour of a product system, which in the case of this research is a 

proposed food system is of paramount importance. This includes its life cycle 

characteristics and its interaction with natural sub-systems (i.e. nitrogen and carbon 

cycles).  
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 The Earth System  Chapter 3

The Earth system is comprised of interacting physical, chemical and biological cycles 

operating across the atmosphere, hydrosphere, lithosphere and biosphere. Coupled 

with energy fluxes, together they provide the optimum conditions for life. Steffen et 

al. (2007) emphasises the fact that humans and societies are an integral part of the 

Earth system as their influence has become too large to be disconnected. It is through 

anthropogenic activities that humans are now able to alter biogeochemical cycles 

such as the carbon, nitrogen, phosphorous and sulphur cycles. Understanding the 

relationship industrial systems have with the environment is important towards 

achieving sustainable development. In this regard, one can allude to the evolution of 

thought with respect to how industrial and natural systems are considered. Previously, 

natural and industrial systems were considered in isolation with areas of overlap. 

Today, industrial systems are positioned within the natural system and with inherent 

inter-linkages (Graedel and Allenby, 2009). It is a familiar hypothesis which has been 

explored by system ecologists familiar with biogeochemical cycles. For instance, 

Erkman (1997) considers the industrial system to be a sub-system of the biosphere. 

As this study focuses on food production, the proceeding text will provide insight into 

the sub-systems operating within the Earth system (anthropogenic and natural) which 

are of relevance to EWF systems, the surrounding environment and agriculture. The 

food system in which agriculture represents the primary activity is exceptionally 

important. This is because it represents the intersection between natural sub-systems 

and the anthropocene with emphasis on the interaction with the nitrogen and carbon 

cycles (Rolston, 2001; Kinzig and Socolow, 2008). Understanding natural sub-

systems enables the integration of the EWF Nexus tool with the wider environment. 
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Such integration permits the apportionment of emissions from the anthropocene to 

their respective natural sub-systems, therefore enabling the calculation of 

environmental impact scores. Furthermore, the integration of natural cycles with 

anthropocene encourages the identification of synergies. For instance, anthropogenic 

sub-systems can influence local carbon flows by integrating key technology options 

such as carbon capture and biomass gasification systems. In addition, understanding 

the different components of the nitrogen cycle enables the development of a nitrogen 

budget for an agro-ecosystem, therefore enabling the identification of nitrogen 

inefficiencies within the primary agricultural activities.   

 

3.1 The Industrial System 

It is thought that the duration of human’s existence is about 0.005 % of the four and a 

half billion years since the formation of the Earth. Agriculture has always been a 

critical aspect of human civilisation. Evidence suggests that farming 

communities/villages appeared approximately 8,000 years ago which evolved into 

small cities 2,000 years later (Clayton and Radcliffe, 1996).  The industrial revolution 

is considered to have marked the end of agriculture as the main human activity. 

However, the lack of design and foresight, a key consequence of the industrial 

revolution, has resulted in a dislocated industrial system and a degraded natural 

environment. Although, evidence indicates the historic presence of anthropogenic 

activities, the period during the “great acceleration” has been characterised by a 

population increase from 3 to 6 billion in 50 years; a 15-fold increase in economic 

activity; a petroleum consumption increase of a factor of 3.5; a motor vehicle increase 

to 700 million by 1996 from 40 million; and an increase in the population residing in 

urban settings which is now estimated at over 3 billion (Steffen et al., 2011).  

The industrial model predominantly practised today is based on value creation 

through the transformation of natural resources into products (Hawken et al., 2010).  

It is a linear sequence involving the extraction of raw materials, the use of technology 

and labour to create value added products which are then distributed across the globe. 

In this industrial model, Hawken et al. (2010) alludes to the fact that wastes from the 

production processes and ultimately the products themselves are disposed of 

‘somewhere’. Relating to the inherent problem with modern day capitalism, the 
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authors state that this ‘somewhere’ is not a point of concern and that there is a 

misconception that there is enough resources and ‘somewheres’ to continue on this 

unsustainable trajectory. Although industrial systems have increased the standards of 

living, created jobs and have removed many millions of people from poverty, 

McDonough and Braungart (2010) highlight the characteristics of industrial systems 

post industrial revolution from an environmental perspective: 

• release significant amounts of toxic emissions into the air, water and soil 

annually; 

• produce materials which may represent a hazard to future generations; 

• result in generation of large amounts of waste; 

• erode biodiversity and cultural norms;  

• enhance economic growth and prosperity through the depletion of natural 

resources. 

Linear industrial systems consisting of resource extraction, product transformation 

and product disposal in landfills or incineration is also known as “cradle to grave”. 

Some products also known as “crude products” which are manufactured using linear 

industrial systems present hazardous conditions to human health and/or the 

environment at some stage in their life cycle (McDonough and Braungart, 2010). 

Concepts such as eco-efficiency which was first introduced by Schaltegger and Sturm 

(1989) were touted as means to minimise the adverse impacts of industrial systems. 

With the aim of integrating eco-efficiency into industrial design, it is the aspiration 

for industrial systems to operate in a manner such that they (McDonough and 

Braungart, 2010): 

• release fewer tonnes of toxic wastes into the air, soil and water annually; 

• measure prosperity by less activity; 

• adhere to regulations which address the need to protect natural systems and 

humans from hazardous material; 

• produce less waste and use smaller quantities of virgin material. 
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3.2 The food system 

The food system is the oldest known industrial system, in which food production is a 

critical anthropogenic activity. Modern food systems are considered to be comprised 

of a complex set of activities ranging from production through to consumption 

(Bollman, 1990). They have evolved from primitive systems to multifaceted 

structures with integrated supply chains and expanded system boundaries. With the 

direct and in-direct challenges facing the global food system becoming more 

apparent, there has been larger emphasis on utilising a systems approach to food 

system evaluation. Therefore, food production should be considered as a system 

characterised by inter-connected supply chains with social, economic and 

environmental dimensions. Fresco (2009) describes a sustainable food system as one 

that is productive and responsive to changing demands, resource efficient, 

environmentally responsible, economically competent, resilient in nature and 

holistically integrated.  

Illustrated in Figure 3-1 is a conceptual framework which considers the different 

dimensions of a food system developed by Ericksen (2008). The framework 

underscores the different internal and external drivers, such as; the interaction 

between and within the bio-geophysical and human environments, the activities that 

take place within the food system and a multi-dimensional assessment of the actual 

product. In this framework, the outcomes are categorised in terms of the capacity to 

contribute to food security whilst addressing social welfare requirements and 

maintaining environmental integrity.  

The holistic approach which governs this framework enables the identification of 

drivers and activities that result in undesired outcomes. For instance vulnerability is 

exposed when the food system fails due an external shock such as a catastrophic 

sudden event, conflict, environmental degradation or infrastructure. Furthermore, the 

holistic approach enables policy makers to evaluate trade-offs between the different 

outcomes such as environmental impact and food security outcomes or even the 

degree to which food system activities contribute to social welfare outcomes. 
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Figure 3-1: Food system components (Ericksen, 2008). 

Food production is dependent on a  range of eco-system services such as; water 

supply and regulation, treatment, assimilation and decomposition of wastes, nutrient 

cycling and fixation, soil formation, biological control, climate regulation, wildlife 

habitats, storm protection and flood control, carbon sequestration and pollination 

(Costanza et al., 1998; Hawken et al., 2010; Power, 2010). The nature of this 

interaction implies that the food system is both a receiver and driver of global 

environmental change. Because of this unique characteristic, food systems have the 

ability to impact the environment which they rely on for inputs creating a feedback 

loop (Pretty and Bharucha, 2014). 

During the last 50 – 60 years, there has been a rapid increase in agricultural 

production especially from industrialised countries in what is known as the green 

(agriculture) revolution. Agricultural intensification as witnessed in the past involved 

unsustainable practices which has led to widespread environmental degradation in the 

form of soil erosion and fertility loss, salination, depletion of resources and emission 

of pollutants (Beddington, 2011; Rockström et al., 2009). In the next few decades the 

importance of understanding the relationship between the environment and food 

security outcomes will be critical. This is because agricultural productivity will 

depend on the condition of the environment. It is likely that environmental damage 

will lead to fluctuations in local food production depending on vulnerabilities of 

individual food systems. As such, whilst it is necessary to continue to produce more 

food as a key food security enabler, it is necessary to do so responsibly. 
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 Agriculture and the Environment  3.2.1

The principles of conventional agriculture are all about maximum efficiency 

production involving minimal time, effort, expense and with maximum output, 

consistent with linear industrial systems described previously. In many cases, 

chemical fertilizers and herbicides are used excessively in order to ensure maximum 

yields. Whilst global yields and economic indicators show positive growth, in actual 

fact the overall system is in decline with the depletion of resources and nutrients and 

the contamination of soil with harmful chemicals. Today, agricultural processes 

contribute approximately 17 – 32 % to global greenhouse emissions (GHG) (Brentrup 

and Palliere, 2008). The in-direct and direct emissions originate from nutrient losses, 

raising of livestock, production and application of fertilizers as listed below (Brentrup 

and Palliere, 2008): 

• methane (CH4) emissions from raising of livestock and the relevant biological 

processes such as enteric fermentation; 

• CH4 emissions from rice cultivation; 

• nitrous oxide (N2O) emissions from the application of organic and nitrogen 

based chemical fertilizers; 

• N2O and CH4 emissions from different manure management techniques, and 

N2O and CH4 from the burning of crop residues; 

• emissions from production of mineral N fertilizer;  

• land use change for agriculture. 

Soil provides critical terrestrial eco-system services and acts as a carbon pool 

sequestering over five times the atmospheric pool and 6.5 times the biotic pool (Lal, 

2004; Lal et al., 1997). However, one third of global land area supporting 50 % of 

global population is considered to be marginal land at risk of degradation in the form 

of erosion, fertility loss, salinity increases, acidification and soil carbon (McBratney 

et al., 2014). The consequence of such degradation impedes agricultural productivity, 

increases greenhouse gases (reduced sequestration capacity), hampers the provision 

of water and impacts its quality (McBratney et al., 2014). Considering agricultural 

production, it is estimated that global productivity is reduced by 0.3 % annually due 

to soil degradation.  
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The manufacture of synthetic fertilizer, and the application of both commercial and 

organic fertilizers are necessary to supplement soil with the nutrients required for 

increased crop production. Both are however significant emitters of greenhouse gases. 

Furthermore, Jones et al. (2013) provided a comprehensive description on the global 

disparity between food security and soil nutrient stocks. There is no doubt that the use 

of N fertilizer has increased tremendously as a result of the demand for food. 

However, the replenishment of soils with N fertilizer does not offer any 

supplementation for the other 14 mineral nutrients (Mg, Ca, P, K, S, Mn, Cu, Zn, Se) 

required by the soil creating a nutrient stock misbalance, degrading the quality of the 

soil accompanied by wider nutritional concerns.  

Biodiversity has witnessed a decline because of increasing human consumption of the 

Earth’s ecological assets, increased deposition of reactive nitrogen, overharvested fish 

stocks and climate change (Butchart et al., 2010). Sala et al. (2000) studied the 

changes in biodiversity for the year 2100 based on changes in atmospheric CO2, 

vegetation and land use patterns. Regarding terrestrial eco-systems, it is considered 

that land use pattern predominantly driven by conversion to agriculture was the major 

driving factor behind loss in biodiversity followed by climate change and nitrogen 

deposition. 

Considering animal feed operations (AFOs), varying quantities of CH4, N2O, NH3, 

VOC, H2S and PM10, VOCS are emitted depending on the type of management 

system. Furthermore, the rapid increases in AFO’s, agricultural crop production and 

the utilisation of commercial fertilizers intensify the contamination of local surface 

and ground water. The sources of pollution include; wastewater from dwellings, 

manure and silage juice from livestock husbandry, dwellings and animals stables, 

leakage from animal stables, leakage from organic and commercial fertilizers, leakage 

of manure and waste water sludge from arable land, leakage of manure and waste 

water sludge from arable land (Brink, 1975). Pollution from agriculture run-off 

further reduces the availability of clean and uncontaminated water. Other impacts 

include; eutrophication, effects on water chemistry, biocide leaching, alteration of 

hydrological cycles (changed evapotranspiration rates and hence run-off and 

modification of rivers flows and irrigation water losses) and effects on water 

chemistry (Moss, 2008; Pretty and Bharucha, 2014). 
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 Sustainable Intensification of Food Production 3.2.2

During the previous agriculture (green) revolution, aggregate global food production 

increased by 145 % (in the last 50 years) resulting in 5 % more food per capita 

compared with 1960 (Pretty, 2013; Pretty and Bharucha, 2014). Within this period, 

the total cultivated area for food production expanded by 11 % to 5 billion ha. The 

agriculture revolution involved the use of new crop varieties and livestock breeds, 

inorganic fertilizers and pesticides, machinery and more sophisticated water usage. 

Furthermore, irrigated area and those areas where machines are used doubled, 

fertilizer consumption increased 4-fold and the use of nitrogen fertilizer 7-fold 

(Dobbs and Pretty, 2004; Pretty and Bharucha, 2014).   

The agriculture revolution was in response to an urgent need to increase the global 

availability of food because of widespread malnutrition and rapid population growth. 

However, the result was a narrowly focused mass extensification of land to produce 

commercial staples rich in calories in which 12 species contribute to 80 % of dietary 

intake. For instance, the production of resource intensive and calorie rich cereals 

increased by 4-fold since 1970 in Asia accompanied by a 20 % decline in the pulses 

(Monfreda et al., 2008, Pretty and Bharucha, 2014).  

 

 

 

 

 

 

 

 

 

Figure 3-2: Relative changes in net agricultural production during the period of 1961 – 2012 
in tonnes (Pretty and Bharucha, 2014). 
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The emphasis made here is that increased food production is more than just meeting 

the calorie demands of the world population. Alluding to the pillars of food security, 

it is imperative that the nutritional requirements of populations are met.  

As such, future intensification initiatives should be ‘nutrition sensitive’ implying that 

a wider range of crops should be considered (Gómez et al., 2013). It is estimated that 

food production will need to increase by 50 – 100 % (Royal Society, 2009; Smith, 

2013; Godfray and Garnett, 2014; Pretty and Bharucha, 2014). A growing and 

demographically changing population with evolving dietary needs, resource scarcity 

and global environmental change are all external stressors on the food system that 

will complicate the attainment of a ~100 % increase in food production.  

In the next agriculture revolution, the global food system will need to adapt to these 

challenges, whilst ensuring it is true to the environment by mitigating its share of 

GHG emissions. It is therefore incumbent on the global food system to evolve into a 

resilient system as it intensifies output. This introduces the notion of ‘sustainable 

intensification’, a concept that will need to be embraced by food systems in parallel 

with interrelated policy actions that address population growth, unsustainable 

resource consumption patterns and food waste (Godfray and Garnett, 2014). The 

working definition of sustainable intensification (Smith, 2013): 

“The process of delivering more, safe nutritious food per unit of input resource, 

whilst allowing the current generation to meet its needs without compromising the 

ability of future generations to meet their own needs” 

Although, this type of agriculture addresses the main pillars of food security with 

respect to the provision food and the need to increase productivity to satisfy the 

growing demand, it fails to consider the environmental. As such, Smith (2013) and 

Foley et al. (2011) stipulate that the agriculture transformation associated with 

sustainable intensification must consider the reduction of: (1) GHG emissions from 

land use and farming by at least 80 %; (2) biodiversity losses; and (3) unsustainable 

water withdrawals and pollution of water tables.   

Considering that sustainable intensification is generally understood conceptually, a 

strategy for how intensification would translate into practical terms is yet to be 

established.  According to Pretty and Bharucha (2014) sustainable intensification of 

agricultural systems can involve; (1) expanding of agricultural land to increase gross 
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production; (2) increasing yields on existing agricultural land; (3) increasing cropping 

intensities per unit of land (or other resources such as water); and (4) changing land 

use from low value crops to those with higher market prices or have a better 

nutritional content.  

There is general consensus that further expansion of agriculture (extensification) is 

not the solution as the inevitable environmental degradation that would accompany 

such action would be significant. Increasing the availability of food through 

productivity improvements and otherwise have great potential and limits the 

inefficiencies inherited with the increased mobilization of resources (Pretty, 2008). 

Yield gap can be defined as the “difference between crop yield observed at any given 

location and the crop’s potential yield at the same location given current agricultural 

practices and technologies”. There are in fact large yield variations around the world, 

most concerning is the fact that variations occur in regions with similar climates.  

Closing the yield gaps of 16 important crops to within 95 % of their potential capacity 

could add 2.3 billion tonnes of new production, amounting to a 58 % increase in food 

production (Foley et al., 2011).  

Environmental mitigation and yield improvements are both key determinants of 

sustainable intensification and are not mutually exclusive. Sustainable intensification 

centres on the adoption of modern technology and efficiency improvements (e.g. in 

irrigation by reducing off-field evaporative losses from water storage) as a premise to 

shrinking the yield gaps. For instance increasingly agricultural resource efficiency 

increases crop production per unit of resource input whether it be water, nutrients or 

agricultural chemicals (Mueller et al., 2012; Foley et al., 2011). 

 

3.3 Nitrogen Cycle 

A discussion on the intensification of food production in the context of environmental 

degradation and resource efficiency must consider the nitrogen cycle, a key natural 

sub-system within the Earth system. The nitrogen cycle is particularly important 

because it manifests itself in different forms within the natural and human world. It is 

at the forefront of the boundary that exists between mankind and nature and is an 

essential nutrient for plant growth.  
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Delwiche (1970) describes the nitrogen cycle as: a mixed pool of nitrogen gas (N2) in 

the atmosphere which is unavailable to most organisms; a relatively small and almost 

entirely biologically driven conversion of N2 to chemical forms of N that are 

available to most organisms; and a pool of N that cycles among plants, animals, 

microorganisms, soils, solutions, sediments, and between land, water, and the 

atmosphere. Essentially, atmospheric nitrogen (N2) makes up 78 % of the atmosphere 

and is unusable by most living organisms in its current form. However, through 

anthropogenic and natural processes, it can be transformed into soluble salts which 

can be used by biological systems (Erisman, 2009; Rolston, 2001). 

Nitrogen fixation is the transformation process by which unreactive N is converted to 

reactive nitrogen (Nr) in the form of ammonium (NH4
+) and nitrate ( NO3

−) ions 

required for plant growth.  Other forms of Nr include ammonia (NH3), nitrogen oxide 

(NOx), nitric acid (HNO3), nitrous oxide (N2O), nitrate NH3
− and inorganic 

compounds such as urea, amines, proteins and nucleic acids (UNEP, 2007). Once 

converted, N can be used by biological systems until it is converted back to N2 by 

denitrification from soils, rivers and sewage treatment (Erisman, 2009; Galloway et 

al., 2003). Lightning and biological nitrogen fixation (BNF) are the two natural 

processes capable of transforming inert N2 to useful forms (Vitousek et al., 1997). 

Considering the interaction between the Anthropocene and the nitrogen cycle which 

is a key Earth sub-system mankind has developed the capacity to synthesise reactive 

nitrogen compounds from unreactive nitrogen within the nitrogen cycle to produce 

ammonia fertilizer in the Haber- Bosch process (Gruber and Galloway, 2008). Prior 

to human civilisation, the nitrogen cycle was balanced. However, the introduction of 

anthropogenic activities, especially in the post-industrial era has disrupted this 

balance by generating unsustainable quantities of Nr which circulates through the 

earth’s land, sea and atmosphere (Galloway, 1998; Vitousek et al., 1997). The 78 % 

growth in global population since the 1970’s was accompanied by a 120 % increase 

in the production of Nr as illustrated in Figure 3-3. The creation of Nr increased from 

15 Tg N year-1 in 1860 to 156 Tg N year-1 in 1995 and to 187 Tg N year-1 in 2005 

(Galloway et al., 2008). It is estimated that approximately 40 - 50 % of the global 

population depends on chemical fertilizer for food (Smil, 1999; Erisman, 2009). 
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Figure 3-3: Graph of population in billions vs. Tg (terragrams) of reactive nitrogen produced 
(Galloway et al., 2003). 

Humans now fix some 160 million tonnes of nitrogen per year, of which 98 million 

tonnes are fixed industrially by the Haber-Bosch process (83 million tonnes for use as 

agricultural fertilizer and 15 million tonnes for industrial products) (Jenkinson, 2001; 

Galloway et al., 1995). The result is a significant human driven alteration of the 

nitrogen cycle through increased combustion of fossil fuels, production of nitrogen 

fertilizers and cultivation of nitrogen-fixing legumes (Galloway et al., 1995).   

Published literature such as the works of Galloway et al. (1995), Galloway (1998), 

Galloway et al. (2003), and Vitousek et al., (1997) have quantified the nitrogen fluxes 

in the pre-industrial and post industrial revolution periods as illustrated in Figure 3-4. 

The comparison of the two stages is important in order to evaluate the impact 

anthropogenic activities have had on the natural nitrogen cycle. Galloway (1995) 

concluded that in pre-industrial times, biological natural fixation from soil microbes 

was the primary process that converted N from an uncreative to a reactive form and 

the nitrogen cycle was approximately balanced (formation and loss of reactive 

nitrogen). However, this natural equilibrium has been disrupted due to population 

growth driving increased anthropogenic activity and demand for energy, water and 

food resources. Examples of such activities include (Galloway et al., 1995; Jenkinson, 

2001). 

P
op

ul
at

io
n 

(b
illi

on
s)

 

R
ea

ct
iv

e 
ni

tro
ge

n 
(T

g)
 

  29 



The EWF Nexus 

• energy produced by the combustion of fossil fuels causes the conversion of 

unreactive N to Nr in the form of NOx (NO + NO2) and N2O; 

• the creation of ammonia using the Haber-Bosch process which is used for the 

production of fertilizers such as urea and nitric acid; 

• the application of mineral and organic fertilizers releasing NH3, NO3, N2O, 

N2; 

• the cultivation of certain crops such as legumes, alfalfa and rice that promote 

the conversion of N2 to organic forms of nitrogen through BNF, also known as 

symbiotic nitrogen fixation. 

Appropriate amounts of Nr in the right form can enhance eco-system productivity. 

However, excess quantities of Nr can be a source of environmental degradation. This 

can include biodiversity loss, pollution of groundwater, eutrophication of eco-

systems, eutrophication of open water waters and coastal areas resulting in algae 

blooms, increased levels of nitrogen oxide, nitrous oxide and aerosols in the 

atmosphere contributing to climate change and human toxicity (Erisman, 2009). 

Therefore, the management of N especially in agro-systems is essential in order to 

balance agricultural productivity aspirations with environmental conservation (Janzen 

et al., 2003). 
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Figure 3-4: Global N-fixation rates and emission to the atmosphere (Tg N/year) with the 
inclusion of anthropogenic sources (Galloway et al., 2003). 

Understanding the main sources and sinks of the nitrogen cycle is imperative to 

effective N nutrient management. Figure 3-5 illustrates the various chemical, 

biological and physical processes that occur naturally within the N cycle. The N cycle 

within the agriculture sub-system is complex involving the flow of N between biota, 

soil and the atmosphere. Plants absorb NH4
+

 and nitrate  NO3
− from the soil solution 

and synthesize proteins in which a portion is returned to the soil in the form of crop 

residues. A further portion is fed to livestock whom only retain a small fraction of N 

consumed. The remainder is excreted and returned as manure (Janzen et al., 2003).  

Figure 3-5: The nitrogen cycle (Rao et al., 1982). 

The outputs include, N which is drawn away from harvested grains, other plant 

products, and livestock products. In addition, N may leak into groundwater NO3
−, or 

escape into the atmosphere as N2, N2O, NO, NO2, and NH3. As such, N stocks need to 

be replenished or risk depletion. Historically, the atmosphere was the only 

replenishment. However, the triple bond structure of the N in atmosphere (N2) deems 

it inaccessible to most biota (organisms). Therefore, ‘fixation’ to the soluble salts 
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required by plants occurs through biological, industrial and atmospheric fixation 

(Janzen et al., 2003).  

 

 Nitrogen Cycle Inputs 3.3.1

Atmospheric deposition: this is related to the wet and dry deposition of NOx and 

NH3 compounds on agricultural land (Smil, 1999), the sources of which include: (1) 

volatilisation from livestock manure and nitrogen chemical fertilizers; (2) energy 

from lightning causing the N2 triple bond to break and combine with H2O and O2 to 

form NH3 and NO3 which is deposited through rain on to the earth’s surface 

(Erisman, 2009).  

Biological nitrogen fixation (BNF): BNF is the transformation of the N2 triple bond 

into NH3 and NH4 in the presence of Nitrogenase enzymes which exists within 

microbes in the soil (K.Mulongoy, n/a).  

The different N2 fixing organisms are summarised in the works of Herridge et al. 

(2008) and they include those which are categorised under agricultural systems, 

natural systems and pastures/fodders. They include 60 genera of cyanobacteria, 15 

genera of symbiotic actinomycetes and 25 genera of free living symbiotic bacteria 

(Smil, 1999).  

Industrial nitrogen fixation (INF): the rapid growth in the production and use of 

chemical fertilizer is of particular importance because of its impact on agricultural 

productivity. Plants take up nutrients from the soil in the form of minerals. The 

origins of these minerals can be from manure, residues, soil organic matter and 

mineral fertilizer (Brentrup and Pallière, 2008).  As a result of food demand and 

developments in technology, the use of nitrogen based fertilizers such as ammonia 

which is produced from atmospheric nitrogen (N2) by the Haber-Bosch process has 

grown rapidly. Environmental degradation is a negative consequence of enhanced 

agricultural productivity. Approximately, 50 % of the nitrogen supplied by fertilizers 

supplied to the soil is taken up by the plant in which the balance is lost to the 

environment in the form of gaseous emissions and leaching to water systems 

(Erisman, 2009; Brentrup and Lammel, 2011).   
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Mineralization: this is related to the conversion of organic nitrogen into inorganic 

forms which can be utilised by plants such as ammonium NH4
+and nitrate NO3

−.  It is a 

process completed in the soil as a by-product of organic matter decomposition 

(Rauschkolb and Hornsby, 1994). 

 Nitrogen Cycle Outputs 3.3.2

Volatilisation: Ammonia (NH3) volatilisation is related to the transfer of NH3 gas 

from the solution and air phases from the soil and farm wastes to the atmosphere. It is 

a natural process originating from vegetation/soils, animal waste and the burning of 

biomass. Essentially, the release of N to the atmosphere in the form of NH3 represents 

an inefficient utilisation of nitrogen within agro-systems (Jarvis, 1990). The rate of 

volatilisation depends on temperature, humidity and soil acidity. However, the initial 

rate of transfer is dependent upon the concentration difference across the soil 

surface/atmospheric air boundary (Jarvis, 1990; Galloway et al., 1995; Rauschkolb 

and Hornsby, 1994).  

Furthermore, it is important to consider that the volatilisation of NH3 can indirectly 

lead to emissions of N2O. This is a result of the oxidation of NH3 and the subsequent 

reaction of the intermediate NH2 radical with NO2 (Dentener and Crutzen, 1994). 

Nitrification: an aerobic process using approximately 20% of the oxygen in the soil 

to oxidise ammonium NH4
+ to nitrite NO2

− and nitrate NO3
− (Smith and Arah, 1990; 

Rauschkolb and Hornsby, 1994). The rate of nitrification is affected by oxygen 

availability, soil temperature and acidity where extremely high or low concentrations 

of pH inhibit the rate of nitrification.  

2NH4
+ → 3O2 →  2NO2

− → 2H2O → N2 + 4H+ 

                                                      2NO2
+ + O2 →  2NO3

− 

Denitrification: this is the process by which nitrate is reduced by anaerobic bacteria 

to molar nitrogen or an oxide form of nitrogen in the soil (Rauschkolb and Hornsby, 

1994; Smith, 1990).  

NO3
− → NO2

− → NO → N2O → N2 

Transformations occur simultaneously releasing both N2O and N2 into the atmosphere 

and is dependent on carbon and nitrogen substrate availability, temperature, pH, 
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temperature and soil moisture content. The process of denitrifcation results in the 

largest losses of N, mostly in the form of N2, but also as N2O and NO (Mosier et al., 

1998b, Mosier et al., 1998a).  

Favourable conditions for denitrification (e.g. a soil which is completely water 

saturated) will result in larger a larger proportion of N2 emissions. Adverse conditions 

(e.g. utilising wet/dry soils) will favour the release of N2O over N2 (Brentrup and 

Palliere, 2008).  

 

Figure 3-6: Schematic of nitrification and denitrification processes (modified from Brentrup 
and Pallière, 2008). 

Leaching: Nitrate leaching can be defined as the downward moving physical process 

of dissolved constituents in the soil solution. It occurs from the crop root zone and 

once beyond the root zone the nutrients are no longer available for absorption by the 

plants. At this point the nitrates either undergo transformations or are channelled to 

groundwater supplies. In the soil-plant-water system, nitrate movement is the ultimate 

result of nitrogen transformation in the soils and the presence of water; therefore 

effective irrigation scheduling is essential to limiting the presence of excess water in 

the soil (Rauschkolb and Hornsby, 1994).  

Immobilisation: this is the process whereby organic nitrogen in the soil is 

incorporated into organic matter and is rendered unavailable for utilisation by plants. 

It is dependent on the carbon to nitrogen ratio (C:N) ratio in the soil, temperature, pH 

and the chemical composition of the inorganic nitrogen. The C:N is especially 

important because: high C:N ratio leads to net immobilization of soil nitrogen; low 

C:N ratios leads to mineralization where there will be more nitrogen available for 

absorption by the plants (Rauschkolb and Hornsby, 1994).  
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3.4 Carbon Cycle  

Prior to the industrial revolution the atmospheric CO2 concentration fluctuated 

between 180 and 280 ppmv. Today, the atmospheric CO2 concentration is 

approximately 100 ppmv higher and could be increasing at a rate of 10 – 100 times 

faster than any period in history. This sharp increase is attributed to human 

anthropogenic activities. At current trends the CO2 concentration in the atmosphere 

will increase at an estimated rate equivalent to 0.8 % of the current concentration. The 

rate of change of atmospheric CO2 depends on the interactions of other 

biogeochemical and climatological processes with the carbon cycle, in addition to the 

nature of human anthropogenic activities (Falkowski et al., 2000).  

The carbon cycle involves the continuous exchange of atmospheric CO2 with oceans 

and terrestrial systems in what is considered as the three main reservoirs (Post et al., 

1990). The magnitude of the exchange between the atmosphere and the oceans is 

approximately 90 gigatons (Gt) of carbon per year in both directions. The ability of 

the ocean to continue this exchange will likely be hindered as CO2 is added to the 

atmosphere at rates much larger than the supply of oceanic minerals required for 

absorption (Falkowski et al., 2000).   

Terrestrial eco-systems remove inorganic CO2 from the atmosphere through primary 

production via the photosynthesis process and store it as organic matter. The CO2 is 

subsequently returned to the atmosphere through autotrophic and heterotrophic 

respiration, the decomposition of plant residues, natural fires, the clearing of land for 

human activities and the burning of fossil fuels (Post et al., 1990; Falkowski et al., 

2000;). With respect to the magnitude of the carbon stored in terrestrial systems, there 

is uncertainty in the carbon stored in the corresponding plants, litter and soil organic 

matter. Estimation for the CO2 stored in terrestrial systems are made through the 

calculation of the imbalance between emissions, atmospheric accumulation, ocean 

uptake and emissions from changing land use which amounts to approximately                  

2 Gt C y-1 (Schimel, 1995). Quantification to a greater resolution involves a clearer 

understanding of complex biological processes related to carbon storage, the 

heterogeneity of vegetation and soils and the land management practices (Schimel, 

1995; Lal et al., 1997).  
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The total net primary production (NPP) is the difference between gross primary 

production and plant respiration and is currently considered to be at unsaturated level 

at 62 Gt per year with the present concentration of CO2 in the atmosphere. It is 

balanced with an equivalent amount of carbon from the decomposition of litter/crop 

residues and soil organic carbon (SOC) (Schimel, 1995). The climate model 

developed by Cox et al. (2000) suggests that the eco-systems ability to continue CO2 

absorption is sensitive to climatic conditions in addition to atmospheric CO2 

conditions creating a feedback loop. In fact, the terrestrial eco-system continues to act 

as a sink until the year 2050 after which turns into a source.  

The condition of the terrestrial system and the net carbon flux between it and the 

atmosphere is heavily influenced by natural and human disturbances which include 

agriculture and forestry. The agriculture sector heavily influences the carbon cycle 

where CO2 is released through several processes; decomposition of crop residues and 

SOC, which is enhanced by production and application of crop inputs, direct use of 

fossil fuels in farm machinery, and burning or other oxidation of biomass. 

Photosynthesis is the only process for CO2 uptake for which soil is the only medium 

for C sequestration (West and Marland, 2003).  

Carbon sequestration through agricultural processes can benefit the condition of the 

terrestrial eco-system by reducing soil erosion, increasing soil tilth and increased 

water holding capacity. This is addition to the grander objective of mitigating carbon 

emissions from human anthropogenic activities and reducing the stock of CO2 in the 

atmospheric pool. Therefore, determining the net carbon flux through combining C 

emissions and C sequestration rates would provide an indication on the overall 

sequestration or emission of carbon from different management practices (West and 

Marland, 2002).  

 

3.5 System Perspective on Environmental Degradation  

The environmental footprint of agriculture systems and food products are reflected by 

the emissions that occur throughout the different stages of their life cycle which 

include (Brentrup and Lammel, 2011): (1) raw material extraction (fossil fuels and 

minerals); (2) production and transportation (fertilizer, pesticides, machinery and 
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seeds); (3) arable farming (tillage, sowing, plant nutrition, plant protection and 

harvest). In the context of food systems, Nr is released to the environment because of:     

(1) sub-optimal nitrogen management from processes within the agro-systems; and 

(2) processes along the supply chain such as fossil fuel combustion and industrial 

fixation.  

Regarding the production of chemical fertilizers during industrial fixation; Nr and 

other species are released to the environment throughout the production and transport 

phases. Upon entering, the agro-system Nr is lost to the environment post application 

due to inadequate management of nitrogen resulting in excess Nr which is leaked to 

the terrestrial, marine and atmospheric systems (UNEP, 2007). Figure 3-7 illustrates 

the integration of a fertilizer production supply chain with the agricultural portion of 

the nitrogen cycle discussed in section 3.3. It should be noted that the N cycle is not 

a substitute for the other biogeochemical cycles such as carbon cycle which function 

in parallel and in conjunction.  

 

 

Figure 3-7: Illustration depicting the integration of nitrogen cycle boundaries within agro- 

systems in the context of fertilizer life cycle (modified from Brentrup et al., 

2004).   

 

On a grand scale, Galloway (2003) introduced the concept of the nitrogen cascade 

which: (1) describes the movement of nitrogen between the earth’s human; and 

natural sub-systems; (2) identifies the negative impact which occurs when there is an 

  37 



The EWF Nexus 

excess of nitrogen in any given reservoir; and (3) encourages a system wide approach 

to nitrogen management in order to decrease over all negative impacts. 

Erisman (2009) discussed the sources and sinks for Nr and the subsequent impact on 

the environment in the context of food systems. The link between food systems and 

the nitrogen cascade concept developed by Galloway et al. (2003) is illustrated in 

Figure 3-8. The cascade illustrates the sequential effects that a single atom of N can 

have in various reservoirs after it has been converted from a non-reactive to a reactive 

form. 

Through food production processes, the rate of Nr being added to the environment is a 

factor of ten greater than the annual rate recorded in the 1800’s. Furthermore, in the 

last 50 years alone, the total annual production of Nr has surpassed the total Nr 

generated from natural processes. It is estimated, that the actual N used during food 

production is a factor of ten greater than the N consumed by humans (UNEP, 2007).  

 

 

Figure 3-8: The nitrogen (N) cascade (Galloway et al., 2003). 

The phenomenon of the nitrogen cascade is related to the fact that a single atom of Nr 

can cause multiple effects in the atmosphere, terrestrial eco-systems, fresh water, 

marine systems and on human health. Moreover, Nr does not cascade at the same rate 

through all environmental systems. This is because some systems have the ability to 
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accumulate Nr leading to detrimental effects on the environment. Considering an 

example; a single nitrogen molecule in the air can lead to increased levels of ozone. 

The atmospheric deposition of the Nr can lead to further effects such as damaging 

human health and vegetation, acidification of soils and water bodies, inadvertent 

fertilization of trees and grass land resulting in unnatural growth rates, impacting 

biodiversity and creating nutrient imbalances. Furthermore, Nr can be leached into 

groundwater systems rendering them unfit for human consumption and the leakage of 

Nr in coastal systems can promote eutrophication. Eventually, Nr is denitrified back to 

atmospheric N2, with of course the inevitable release of N2O in the process (UNEP, 

2007; Erisman, 2009).  

The flow of N within food systems is essentially an overlap between the flow that 

exists between global N cycles and N cycles within ago-systems. In other words, the 

condition of global biogeochemical cycles such as the N cycle effect cycles within 

agro-systems. In addition, the accumulative outputs of local agro-systems influence 

the condition of global cycles. Therefore, when evaluating the impact the food system 

has on the environment it is important to consider all processes in the computation of 

environment degrading rogue emissions.  

It is not the objective of this study to detail the intricate mechanics of all the 

biophysical processes present within the Earth system. In terms of natural sub-

systems, emphasis has been made throughout this section on understanding the 

nitrogen and carbon cycles. As such, carbon and nitrogen species emanating from 

anthropogenic processes can be directly related to their respective natural cycles. 

Furthermore, with knowledge of the inputs and outputs of both anthropogenic and 

natural sub-systems, synergies between them can be identified. Synergies can be 

represented in the form of feed-back loops which can be created to enhance system 

efficiency, or through the development of integrated assessment methodologies such 

as the agro-system nitrogen budget which considers nitrogen inputs and outputs.   

Consideration of the interdependency between EWF systems (i.e. inter-linkages 

between energy, water and food resources) is one possible method for the sustainable 

intensification of food systems. This is because whilst resource consumption is 

adequately accounted for, the synergies and trade-offs within the product system can 
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also be identified. The proceeding section discusses the EWF Nexus as presented in 

published literature and explains the definitions used in this research.  

 

 

 

 The EWF Nexus Chapter 4

Optimising resource utilisation within product systems is a necessary for sustainable 

development. The unsustainable consumption of resources in linear and inefficient 

industrial systems can lead to the collapse of certain industries which are heavily 

dependent on depleting or depleted raw materials from the surrounding environment. 

Furthermore, it is likely that depletion of resources will drive increased competition 

for resources which can potentially lead to conflicts. Finally, in the absence of 

sufficient natural resources within the overall Earth system, maintaining the levels of 

wealth in the developing world, whilst enhancing the standard of living would be 

more challenging.  

The transformation of anthropogenic industrial systems requires a greater emphasis 

on resource management. In part, it is related to developing a link between resource 

consumption throughout a products life cycle and the resource characteristics of the 

surrounding environment. This can be achieved through an accurate compilation of 

resource consumption. Traditionally, the analysis of resource consumption when 

delivering a product or a service and the subsequent impact on the environment has 

been considered in isolation in relation to the parallel consumption of other resources.  
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The complexity in understanding and quantifying resource consumption has 

channelled progress on the topic towards what is known as the “Nexus”.   

 

Pathways to sustainable development allude to the need to decrease the input of 

virgin material through de-materialisation and substitution where possible (Fiksel, 

1993; Fiksel, 2003; Fiksel, 2006; Fiksel and Wapman, 1994). It is however just as 

important to consider whether the product or service to be provided is appropriate in 

relation to wider national security concerns (Bizikova et al., 2013). Considering 

resource sustainability; as the demand for services and products continues to increase 

in the light of rapid population growth, it is vital to ensure that natural resources are 

utilised in a sustainable manner.   

Constituting this resource base, EWF resources are particularly fundamental to 

society and are all rapidly growing in demand, have different regional availability and 

have strong interdependencies amongst themselves and the surrounding environment 

(Bazilian et al., 2011; Bizikova et al., 2013). Critical to this growth is the question of 

EWF security in which much of global uncertainty revolves around the provision of 

EWF resources and their long term security/sustainability (WEF, 2015). The systems 

representing these three resources are intrinsically connected where impact on any 

one of them will have a simultaneous impact on the remaining two. The fact is food 

production requires water and energy, water production requires energy whilst power 

generation requires water.   

Therefore, with increasing demand for products, it is necessary to ensure that the long 

term security of EWF resources are considered in conjunction with the impact on the 

natural environment, throughout the life cycle of every product delivered and/or 

service provided. Therefore, a combination of cleaner technology coupled with 

sustainable production strategies are required to reduce environmental degradation 

whilst providing means for the generation of sustainable global wealth.  Furthermore, 

the analysis of these resources should consider a whole systems view (encompassing 

wider system interdependencies) capable of identifying synergies and evaluating 

trade-offs. 
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Stressors on the EWF systems in the form of global trends (discussed in Chapter 2) 

will further degrade their capacity to sustain global growth. As such, much of the 

world’s future challenges and uncertainty will continue to revolve around EWF. 

Therefore, it is essential to refine the discussion on sustainability, resource 

consumption and security to encompass the intricate interdependencies between EWF 

systems. This will ensure that resource consumption and the impact on the natural 

environment are accurately accounted for and strategies for conservation can be 

developed (Harris, 2002; Hellegers et al., 2008; Bazilian et al., 2011; Bizikova et al., 

2013). 

 

4.1 Energy and Water Nexus  

With regards to evaluating interdependencies between resources, the vast majority of 

previous work conducted considers the relationship between two resources, most 

notably energy and water. Some authors considered specific case studies, for instance, 

Malik (2002) discussed the energy and water nexus using the Indian experience at 

household level. Lofman et al. (2002) provided a comprehensive review of the energy 

and water situation in the State of California and concluded with a series of policies 

to address the long term uncertainties within the energy and water nexus for the state.  

More recently, Siddiqi and Anadon (2011) reviewed the energy and water sectoral 

characteristics within the Middle East. The authors conclude with the affirmation that 

the nexus is highly skewed. The skewed nexus describe energy production systems 

which are weakly dependent on fresh water, whilst, the provision of fresh water 

(abstraction, production, distribution) is highly dependent on energy. The authors 

emphasise the need to ensure that: energy is delivered at acceptable prices; the 

integrity of the environment (air quality) is maintained; and ensure that both 

infrastructure and technology are modified to meet the growing demands of 

resources. In the context of nexus analysis, common recommendations between 

developing and non-developing regions highlight the need for continuous technology 

innovation to enhance resource efficiency, improve the regulatory environment and to 

use education as a means to enhance the relationship between the environment and 

the end users.   
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4.2 Expanding Nexus Boundaries  

In light of the growing concerns for food security as discussed in section 2.2, efforts 

have been made to expand the nexus boundaries to one that alludes to the relationship 

between EWF resources. It can be stated that the utilisation of any product or service, 

independent of time and space (e.g. local, national or regional) can impact EWF 

systems.  Considering the natural or economic stresses faced by the Earth system in 

its entirety, system analysis using the EWF framework can align concerns amongst 

different nations. The use of system engineering, whole system analysis and 

integrated models will ensure that policy decisions in these areas amongst others are 

well informed. Analysis using the EWF Nexus framework can address the 

environmental impact from the utilisation of a product or a service with respect to: 

• Earth system boundaries; in this case, inputs, outputs and transformation 

bodies have no geographical boundary and are all represented within the 

nexus. 

• National Boundaries; in this case, inputs, outputs and transformation bodies 

are country specific where results can be evaluated in relation to the carrying 

capacity of the host nation. 

A discussion on the rationale behind conducting either of the two approaches is 

provided. If the product or service is produced locally within the national boundaries, 

the identification and evaluation of the associated environmental burden associated is 

a matter of national concern. In this case, following a nexus approach allows the full 

extent of resource consumption to be determined relative to the national ecological 

carrying capacity. Furthermore, when benchmarked against other products, two 

important trends can be identified; the national flow of material and energy can 

compiled and the most sustainable products can be identified considering the 

environmental, economic and social dimensions, all embedded with the nexus 

framework. In this scenario, the nation itself is considered as an eco-system in which 

system boundaries are represented by the respective geographical borders.  

Analysing a nation’s resource flow is essentially taking the urban metabolism concept 

and scaling it up to a national level, with the key focus placed on a particular product 
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or service. The urban metabolism concept considers any city as a complex eco-system 

with inputs of energy and materials. The purpose of which is to evaluate the city’s 

environmental and economic performance. Furthermore, considering a city as a 

system enables the constant tracing of pollutants where relevant management 

strategies and technologies can be integrated to encourage; increased efficiency and 

waste management options, the latter of which has strong similarities with natures 

cycling capabilities (Newman, 1999). The concept of tracing and cycling resources 

within given system boundaries can also be applied to industrial settings in what is 

known as Industrial ecology (IE).  In this scenario, the industrial setting is treated as 

an eco-system where resource inputs, products and waste outputs are considered. The 

purpose of which is to identify areas of intervention in the form of technology or 

innovative resource cycling techniques to enhance efficiency and reduce waste 

emissions (Ayres, 1989). 

The literature regarding the EWF Nexus can be categorised into: (1) those which 

attempt to develop holistic EWF Nexus frameworks through the conceptualisation of 

the different supply and demand drivers related to EWF; and (2) those which apply 

the EWF Nexus concept directly to a case study in order to address a particular 

problem or policy question (this can be both qualitative and quantitative). According 

to Bizikova et al. (2013), the study of the EWF Nexus has served to increase 

knowledge in three main areas: (1) the nature of the relationships among the three 

nexus elements; (2) the consequences of their changes and changes in other sectors 

(can include supply and demand drivers); and (3) the implications for informing 

policy decisions regarding the security of three resources. Bazilian et al. (2011) 

provided a comprehensive review of the EWF Nexus summarising some of the 

conceptual thinking behind it and provided insight into some of the pressing issues 

which should be revised using a suitable EWF framework, such as; energy access and 

deforestation, biofuels, irrigation and food security, hydropower and the provision of 

water through desalination.  

Considering EWF Nexus frameworks, Hellegers et al. (2008) confirmed the urgent 

need to assess the entire spectrum of EWF resources and their relation to the 

environment. The objective of this is to minimise negative impacts and maximise 

synergies generating economic benefits.  Critical to this objective is the development 
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of the EWF field to include the conceptual foundations and mechanisms for assessing 

the interaction between the resources and the surrounding environment. 

The world economic forum emphasised the security aspect to the EWF Nexus (WEF, 

2015). A nexus framework driven by risk was developed to better understand the 

relationship between environmental pressures, resource security and economic 

disparity. Stressors on the system include population growth leading to aspirations for 

economic development and subsequent resource consumption. Environmental 

pressures consisting of air pollution, biodiversity loss, climate change, earthquakes, 

volcanic eruptions, flooding, storms and cyclones were also considered.   

Bizikova et al. (2013) as part of the International Institute for Sustainable 

Development (IISD) developed a decision support framework for guidance on 

landscape investment using the EWF Nexus. In this framework the use of EWF 

Nexus terminology is synonymous with the security of all three resources.  The 

framework developed offers a focused eco-system management aspect to the EWF 

Nexus with the aim of offering practical implementation guidance for policies 

regarding eco-system goods and services. The objective of this framework is to 

optimise EWF security by considering the fact that interactions between natural and 

human system occur at different spatial and temporal scales with decision making 

systems occurring at all levels. Furthermore, the framework emphasises the need to 

restore eco-systems as part of ensuring the security of EWF resources. In the 

framework EWF resources are aggregated in terms of their utilisation, accessibility 

and availability characteristics (with a key focus on the utilisation) encompassing 

human and natural systems, all within an enabling governance structure.  

Hoff (2011) stressed that operating under business as usual scenarios was no longer a 

viable option to resist compounding pressures on the global system. As such, with 

increasing resource constraints, a EWF Nexus approach is considered necessary to 

address unsustainable growth. The better management of resources through the EWF 

Nexus promotes synergies and informs policy decisions regarding trade, investment 

and climate policies. Furthermore, EWF Nexus representation through some kind of 

integrated model should cover all relevant spatial, temporal scales and planning 

horizons.  
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In the EWF Nexus framework developed by Hoff (2011) water plays a central role 

because it is a non-substitutable commodity. It is driven by underlying principles 

known as action fields, stressors in the form of global trends consisting of population 

growth, climate change and urbanisation and the enabling factors which constitute the 

regulatory environment. The integration of all system drivers under one framework is 

a means by which a sustainable, secure and resilient EWF system can be achieved.  

This particular framework highlights the importance of considering the social and 

economic and dimensions of development in relation to the EWF system. It 

emphasises that failure to achieve security across all three EWF sectors will result in 

social instability and economic decay. Population growth is highlighted as one of the 

impediments to the realization of this goal.  

It is also very important because it is directly related to the resource intensive 

consumption patterns increasingly evident in emerging countries. Simultaneously 

environmental pressures will exacerbate any vulnerability within the EWF resources 

and hinder system wide resilience. Furthermore, a crippled governance system 

incapable of managing integrated resource utilisation promotes the irresponsible 

utilisation of vital resources.   

Considering the case studies, in line with concerns addressed by Bazilian et al. 

(2011), Hellegers et al. (2008) explored critical issues using an analytical explanation 

of the global and local conditions related to; (1) the implications of increased demand 

for hydropower on food and environment and (2) the consequences of biofuel 

production on water allocation, food security, farm income and the environment. 

McCornick et al. (2008) provided an overview of the EWF Nexus – environment 

interactions for Ethiopia, Jordan, India and the USA.  Focusing on river basins for the 

four countries, an analytical framework was used to uncover areas of conflicts and 

potentials for synergies in the context of the national characteristics for each case. 

Bazilian et al. (2013) applied the EWF Nexus to algal systems with the objective of 

developing a framework to be used as a precedent for further analysis in this area.  

In a case study, Wong (2010) applied the EWF Nexus concept to better understand 

China’s resource challenges. It was concluded that the path forward with respect to 

energy production is the use of renewable energy, not only because of the savings in 

GHG emissions, but because it uses less water. Improving water use efficiency 
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through the reduction of leakages and the incorporation of innovative technologies 

such as drip irrigation is paramount to reducing water consumption. Wong (2010) 

stipulates that significant resources are allocated to raising livestock. As such, the 

reduction in meat consumption is considered as one way to encourage the responsible 

utilisation of resources. This is because the raising of livestock activities release 

significant amounts of GHG’s. In addition they are the largest consumer of water in 

the agriculture sector requiring up to 15,000 litres of water to create one kilogram of 

boneless edible beef.  

With respect to using a nexus based quantitative framework in order to address a 

policy question, Welsch et al. (2014) developed an integrated climate, land, energy 

and water (CLEW) resource model which has been applied to a Mauritius case study. 

The model developed adopts an energy perspective to answer a particular policy 

question; “should sugar cane be processed into ethanol instead of sugar”. To answer 

the question, a systems approach was adopted to develop a series of individual 

models representing energy, water and land systems to quantify; resource, economic 

and environmental implications (GHG emissions) for different scenarios under the 

same policy question.  

Walker et al. (2014) applied Multi-Sectoral Systems Analysis (MSA) in 

understanding the metabolism of the city of London. The methodology draws 

parallels with the urban metabolism concept discussed previously. It involves the use 

of substance flow analysis (SFA) to track flows of energy, water, elemental nitrogen, 

elemental carbon, and elemental phosphorus through five socio-economic sectors: 

water, forestry, food, energy, and waste handling.  In this case study, MSA is 

particularly useful because it caters for the flexibility in integrating prospective 

technologies when considering interactions between sectors and flows of materials 

and energy.  

The interactions between the EWF resources are modelled through: (1) the 

identification of the relevant human and natural systems and; (2) representing them as 

sectors which are governed by unit processes that involve the mixing, separation or 

transformation of flows (material and energy). It is important to note that the authors 

make explicit reference to the fact that unit processes are interconnected with the 

natural environment. Furthermore, Metabolic Performance Metrics (MPM) were 
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considered in the study, the purpose of which was to assess different system scenarios 

and evaluate the extent to which the system is circular. This philosophy is indicative 

of the industrial ecology concept, yet applied to urban systems in this case study, 

where the authors state that the urban metabolism should mimic the cyclical character 

of nature.  

Clearly EWF resources have intricate relationships which are sensitive to time and 

space. Assessment tools are required to adequately quantify the relationship between 

EWF and the environment in order to identify and evaluate trade-offs and synergies.  

At present there is no universally recognised methodology for nexus analysis which 

brings together both quantitative analysis and qualitative reasoning in relation to the 

environmental impact of the provision of a product or a service.  

Bazilian et al. (2011) discusses the need to create a unified approach which would 

likely utilise methodologies such as life cycle analysis (LCA), exergy analysis, 

complexity theory, operations research, material flow analysis, industrial ecology and 

sustainable value chains. The integrating factor between these methodologies is that 

they all consider inputs and outputs of a system whether in the form of energy, water 

or food and can be categorised in terms of their social, economic and environmental 

dimensions. Furthermore, they all offer a systems approach in which system 

boundaries can be adjusted depending on the technical and spatial aspects of the 

problem.  

 

4.3 Defining the EWF Nexus in this Research 

The EWF Nexus considers the fact that anyone resource should not be considered in 

isolation. Dalziell and McManus (2004) when considering the need for a systems 

approach state that “the emergent properties of a system cannot be understood by 

analysing the components of the system in isolation”. Newell et al. (2011) state that 

“system’s performance cannot be optimized by optimizing the performance of its sub-

systems taken in isolation from one another”. The same of which can be said about 

the need to adopt the EWF framework when evaluating the environmental and 

economic benefits in the utilisation of a product or service. Therefore as part of this 

study, a working definition of the EWF Nexus is provided: 
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The analysis of the EWF Nexus involves the integration of linkages related to the 

inputs and outputs and of a product system operating within governed system 

boundaries across the energy, water and food sub-systems throughout their life cycle 

and in the context of the natural environment. 

There are numerous advantages to the application of EWF Nexus framework: 

• Encourages a system approach: a systems approach allows for a magnified 

resolution to be deployed on the area of study whilst ensuring that 

opportunities for wider systems integration exist. In this regard, assigning the 

appropriate system boundaries is explicitly important for the analysis and is 

very relevant in understanding the purpose of study. 

• A true measure of resource consumption: emphasis on the identification of 

the inter-linkages between resources is crucial to measuring resource 

consumption in a given process or a combination of processes. 

• Exploring trade-offs: in many countries the utilisation of EWF resources has 

become a question of security. Therefore for the purposes of optimising 

resource consumption, policy makers can identify the products and services 

that optimise the use of resources with respect to the environment, economy 

and society, 

• Increasing system resilience: identification of bottlenecks within a system 

enables vulnerabilities to be addressed which in turn increase system 

resilience, 

• Bottom up approach: the nexus tool enables the evaluation of resource 

security and global environmental degradation from a bottom up approach.  

 

Having defined the EWF Nexus concept, the next step is to translate the EWF Nexus 

framework detailed above into a methodological platform for analysis. As such, the 

proceeding section will detail the concepts and methods which are considered the 

building blocks of the tool. Such concepts emphasise the systems approach to product 

system analysis in the context of their overall life cycle, and translate respective 

system characteristics into environmental scores. This includes incorporating guiding 

principles to which the environmental burden of the product systems can be reduced, 

i.e. through de-materialisation. Furthermore, having considered the intricate workings 
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of the nitrogen cycle as applied to agriculture systems in the previous section, the 

proceeding section will also consider its integration with the EWF Nexus 

methodology.   
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 Methodology  Chapter 5

Achieving sustainable growth will require the reduction in global environmental 

degradation. Considering that decreasing the global population and affluence (level of 

consumption) are unrealistic means to which this objective can be satisfied, Hart 

(1997) states the need to fundamentally transform the means in which wealth is 

generated from raw materials (natural resources). Critical to this aspiration is the 

question of sustainable resource management and systems engineering, where it is 

imperative that in the design of industrial systems (i.e. product systems), the 

supporting resource base is considered.  

Considering the product system represents a series of industrial sub-systems operating 

within the natural environment (i.e. interconnected with natural sub-systems), it is 

necessary to devise a methodology capable of providing an adequate sustainability 

assessment of the encompassing product system; compiling the material inflows and 

outflows into the constituting sub-systems. As such, a systems based approach is 

necessary to decipher complex product systems operating within given system 

boundaries, capturing the relevant processes represented by each industrial sub-

systems. In the development of a methodology which addresses the objectives above, 

this research integrates well-established methodologies and concepts such as systems 

engineering, industrial ecology, life cycle assessment (LCA) and material flow 

analysis (MFA) methodologies with an added emphasis on EWF inter-linkages in an 

innovative EWF Nexus tool.  
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Systems engineering provides the conceptual basis for all methodologies related to 

the holistic analysis of product systems. It encourages a whole systems approach 

which in turn enables the re-configuring of linear industrial systems to minimize 

over-all system wastes. In line with this aspiration, IE can be considered the over-

arching concept aimed at minimizing waste released into the environment by 

encouraging the transformation of linear systems into closed looped systems. Finally, 

utilising LCA as the governing framework ensures that burden shifting from one life 

cycle stage to another, from one geographic area to another and from one 

environmental medium to another is avoided. It evaluates the performance of a 

system by compiling the inputs and outputs into the different sub-systems operating 

within the EWF Nexus and relates them to a set of environmental indicators.  

The EWF Nexus tool is unique because it is involves a more integrated approach to 

understanding resource consumption through the identification of the inter-linkages 

that exist between the EWF systems. It is conceptually based on a sub-system 

approach encouraged by systems engineering, with an embedded flexibility through 

the modulation of sub-systems enabling the design of closed loop sub-systems in line 

with IE, all within an LCA framework. The modularity of the sub-systems which 

consist of carefully parameterised unit processes enables the evaluation of different 

product systems operating within different spatial characteristics. Finally, the EWF 

Nexus tool as detailed in this research demonstrates the integration of anthropogenic 

and natural sub-systems in the development of an integrated methodology, through a 

nitrogen budgeting example which evaluates nitrogen flows from both systems in 

relation to primary agriculture. The proceeding text will discuss in detail the concepts 

discussed above as they are considered the building blocks of the EWF Nexus tool.  

 

5.1 Product Systems  

The product system is at the centre of the industrial eco-system, it relates human 

systems to natural systems. In summary, the product system through a series of inter-

connected industrial sub-systems extracts raw materials from the environment to 

provide the products and services required by the human population. According to 

ISO 14041 the product system is a collection of unit processes connected by flows of 

intermediate products which perform one or more defined functions. It is defined by 
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system boundaries encompassing unit processes, elementary flows, intermediate 

products (flows within the system) and product flows across the system boundaries. 

Unit processes are interconnected through the flows of intermediate products and/or 

waste, to other product systems by product flows and to the environment by 

elementary flows. 

 

 

Figure 5-1: Illustration of a product system used in the LCI analysis (modified from BS EN 
ISO14040, 2006). 

 

5.2 Systems Engineering  

A system can be defined as a “set of inter-relating components that form an 

integrated whole with a common purpose” with a unique set of principles (Dalziell 

and McManus, 2004): 

• articulation of the system purpose and defining the scope of the system which 

is governed by system boundaries; 

• identification of the different components and elements that system requires in 

order to achieve its purpose; 

• examining the relationships between the different components and elements 

and how ensure understand how they interact within the system; 

• analysing how the system interacts with the environment, its influence on the 

environment and how the environment effects changes within the system.  
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Systems engineering links products (i.e. product systems) and services to their global 

value chains, encourages material and energy efficiency and identifies environmental 

impacts (Fiksel, 2003). Stansinoupolos et al. (2013) states that “Meeting the 

challenges in the future will require a more comprehensive sustainable design 

approach from the start, dealing with whole systems and in the context of their 

respective overall life cycles”. With respect to environmental degradation, whole 

system design promotes the computation of emissions related to the background 

services deployed in the provision of the product or service.   

It is necessary to utilise holistic approaches when analysing the performance of any 

system in order to capture the inputs, outputs, transformation processes, main actors 

and customers influencing the system, in addition to environmental, social and 

economic constraints (Clayton and Radcliffe, 1996). Building on the definition of a 

system, whole system’s analysis can be defined as “a process through which the 

interconnections between sub-systems and systems are actively considered and 

solutions that address multiple problems via one and the same solution” 

(Stansinoupolos et al., 2013).  It is the aim of whole system design to consider the 

multiple benefits that can be achieved. This entails the simultaneous decrease in 

environmental sensitive emissions, optimisation of productivity and the maximisaiton 

of output (Stansinoupolos et al., 2013).   

Traditionally, the components of a system are optimised in isolation to their 

surroundings due to the sheer the complexity of systems. With global eco-systems at 

risk of dislocation, the importance of considering the natural systems as part of a 

whole system framework is of critical importance. In this regard a paradigm a shift in 

engineering design is required. Aggregating systems into their sub-system 

components is an effective way of dealing with complex systems which are 

dependent on numerous interactions leading to the same outcome. In dealing with 

complexity Clayton and Radcliffe (1996) introduce a “standard approach” which 

involves identifying the contribution of each element within the system in order to 

disaggregate complex systems. Classifying each element as its own system within a 

grander product system is an effective way of assessing their overall contribution.  

Essentially, each element or unit process within the product system in question can be 

considered to be a sub-system with inherent life cycle characteristics. As such, it 
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would seem fitting to suggest that system engineering is indeed the study of the inter-

linkages between systems and sub-systems, and how changes in sub-systems may 

induce changes in other sub-systems and in the overall grand or product system of 

interest.  

 

5.3 System Transformation  

A system transformation is required to alter the trajectory of modern anthropogenic 

systems, and mitigate associated externalities from both conceptual and practical 

perspectives. The solution is a more integrated approach to system design and 

implementation. The transformation of linear industrial systems to a more closed loop 

operation (self-replenishing loops) represents the paradigm shift required. Stahel 

(1982) describes that even in such transformation, economies can in fact continue to 

grow and continue to accumulate wealth as they continue to increase the life span of 

products. Stahel (1982) categorised industrial systems into three types: 

The fast replacement system: considered as the most prevalent type of industrial 

operation. It involves a linear based production consumption system with inherent 

environmental deterioration sources at both ends of systems.   

 

Figure 5-2: The fast replacement system (modified from Stahel, 1982). 

The slow replacement system: the extension in the life of a product is a critical 

aspect of this system. The aim of which is to decrease resource consumption and 

waste output in proportion to the extension in the life of the product.  
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Figure 5-3: The slow replacement system for long life products (modified from Stahel, 
1982). 

The self-replenishing system: aspires to creating industrial systems based on the 

minimisation of matter, energy flow and environmental deterioration without 

hindering economic growth. Stahel (1982) refers to this kind of system as spiral – 

loop systems, a concept which forms the basis concepts such as cradle to cradle 

systems (McDonough and Braungart, 2010) and industrial ecology (Allenby and 

Cooper, 1994).  Principles of this system include; “reuse” (loop 1), “repair” (loop 2), 

“reconditioning” (loop 3) all of which utilise used products or components and finally 

“ recycling” (loop 4) which uses scrap as locally available raw material. 

 

Figure 5-4: The self-replenishing system – focused on product life extension (modified from 
Stahel, 1982). 

Important to the self-replenishing system is the utilisation of material in a manner 

such that it minimises inputs and emissions whilst maximising product outputs. 

Industrial ecology is one example of a concept that draws similarities with the self-

replenishing system. The IE concept through its focus on product design and 

manufacturing processes can improve the performance of industrial eco-systems. 

Fundamentals of the concept, include encouraging efficient recycling of materials and 

energy (indicative of the self-replenishing system) and evaluating the degree to which 

human systems are perturbing the surrounding eco-systems (Ayres et al., 1996; 

Erkman, 1997).  

The sustainable intensification of agriculture as detailed in section 3.2.2 will require 

the reduction in the use of non-renewable resources whilst maximising nutrient and 

energy cycling. The proceeding text will detail IE and LCA as enablers of system 
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transformation. Whilst IE encourages closed loop cycling (cradle to cradle), LCA 

evaluates resource use and environmental impacts from production through to 

consumption and beyond (cradle to gate).  

5.4 Industrial Ecology  

With a strong emphasis on technology, IE is one example of a concept used to 

empower sustainability within industrial systems (Frosch and Gallopoulos, 1989; 

Boons and Baas, 1997). It promotes the notion that industrial/human systems together 

with natural systems form what can be considered the global eco-system (i.e. Earth 

system), where all sub-systems would operate in harmony and equilibrium 

(Ehrenfeld, 1997). The study of IE involves the analysis of material and energy flows 

and how they are transformed into products, by products and waste through processes 

with the view of optimising the total material cycle (Graedel and Allenby, 2009, 

Boons and Baas, 1997). McDonough and Braungart (2010) theory of “waste equals 

food” transforms the traditional cradle to grave systems to what is known as “cradle 

to cradle” systems.  In line with IE, cradle to cradle systems aspire to imitate nature’s 

highly efficient recycling capability and eliminate the concept of waste within 

product systems.  

The ecology aspect of IE refers to biological systems, i.e. those involving the study of 

organisms and their interactions with the physical world. The ecological focus of IE is 

related to the characteristics of biological systems that can be transposed to 

anthropogenic industrial systems. Organisms present within biological eco-systems 

display a unique set of qualities (Allenby and Cooper, 1994; Graedel and Allenby, 

2009): 

• the ability to undertake independent activity; 

• the tendency to utilise energy to transform materials into a form suitable for 

use, which usually results in the release of waste heat and material residues 

into the surroundings;   

• the ability to reproduce; 

• sensitivity to surrounding conditions such as temperature, humidity and 

resource availability; 

• possess variable but finite lifetimes.  

  57 



Methodology   

Having established a set of unique characteristics for a biological organism, one can 

explore if and how these characteristics can be extrapolated to industrial systems, 

such that industrial systems may be considered an organism. In such a case, industrial 

organisms can be considered capable of conducting independent activities with the 

acquisition of resources which are transformed into useful products through energy 

consuming processes. Industrial organisms can also be considered very sensitive to 

surrounding conditions, which can be both environmental and economic in nature. 

Finally, industrial organisms may or may not pass through different stages of growth 

during their life time but certainly have a finite lifetime and can only be reproduced 

with the intervention of external factors (Allenby and Cooper, 1994; Graedel and 

Allenby, 2009).   

Generally, the similarities between biological and industrial organisms are valid 

especially in that both organisms utilise energy and material. Furthermore, the 

utilisation of materials and energy and the subsequent release of wastes occurs at 

different rates throughout the life cycle of a biological organism from birth, 

throughout the growth period leading up to death. The same concept applies to 

industrial organisms through their respective life cycle from resource extraction, 

through to manufacture, use and eventual disposal. In both cases, it is important to 

consider the release of waste throughout their respective life cycle including at end of 

life could present the opportunity to reuse resources. With this understanding of 

biological ecology, IE can be described as (Graedel and Allenby, 2009):  

“The study of technological organisms, their use of resources, their potential 

environmental impacts, and the ways in which interactions with the natural world 

could be restructured to enable global sustainability”    

From a system perspective, the recycling capacity of ecological systems has resonated 

within the field of IE. The understanding that material and energy flows between 

species in equilibrium within the biosphere have been well recognised (Odum, 1973).  

The flow of material and energy in equilibrium alludes to a key feature of biological 

eco-system in what is known as nutrient recycling. Inspired by this feature, IE has 

mimicked this natural phenomenon in its design principles (Allen and Behmanesh, 

1994). Although, it is unlikely that a perfect system based on the IE concept can be 

realised, it is certainly the direction in which to design human industrial systems if 
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sustainable development is to be achieved. With the absence of a standard framework 

for IE, authors have documented the underlying principles in different ways such as 

Husar (1994), Korhonen (2001) and Tibbs (1992) who considered that a practical 

framework for IE should include: 

• improving the metabolic pathways of industrial processes and material use; 

• creating loop-closing industrial eco-systems; 

• dematerialised industrial output; 

• systematising patterns of energy use; 

• balancing industrial input and output to natural eco-system capacity;  

• aligning policy to conform with long-term industrial system evolution; 

• creating new action-coordinating structures, communicative linkages and 

information. 

Korhonen (2001) presents a valuable depiction of what is described as the “perfect 

industrial eco-system” consisting of the industrial sub-system and the encompassing 

natural “mother” eco-system.  In this hypothetical depiction, the only input to the 

system as a whole would be the infinite energy from the sun. The operating 

characteristics of this system would include the use of renewable resources and the 

recycling of material as energy is then cascaded within the system. In an ideal 

scenario such as this, the only outputs would be material in which natural eco-systems 

can absorb, re-use or recycle such as waste heat. Furthermore, economic benefits are 

realised as consumption of energy and virgin materials are reduced. 

The relevance of biological eco-system principles in the development of the IE 

concept is debated within literature. Ayres (2004) states that it is not appropriate to 

use ecological concepts in an economic context and that doing so is often misleading. 

For instance, although nutrient recycling does exist within the biosphere exemplified 

by the carbon – oxygen cycle (where plants consume carbon dioxide and produce 

oxygen as waste and animals/humans consume oxygen and produce carbon dioxide as 

waste), Ayres (2004) states that un-recycled wastes within nature do exist. With 

human industrial systems inevitably producing waste, it would be difficult to 

conclude that all wastes from all industrial systems can be recycled into useful 

products, both physically and economically. Although there are clear discrepancies 

between industrial and biological systems, they do not necessarily render the analogy 
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insignificant. In fact the synergies that can exist between biological eco-systems and 

systems following IE principles are testament to the strength of the analogy. 

Ehrenfeld (2004) states, IE provides a “powerful metaphoric” alternative to the 

problematic modern systems (linear industrial systems). Essentially, IE draws on 

nature to create a conceptual base for enhancing the performance of industrial 

systems.  

The philosophy of IE draws on several tools in its implementation of which defining 

the system boundaries is critical. For instance, is eco-system analysis a geographic or 

a product problem, Boons and Baas (1997) categorises eco-system boundaries into 

the following: 

• Product Life Cycle: in a system where the boundaries are governed by the 

product, both the producer and the consumer are related to the product. In this 

case a methodology to ascertain the environmental impact of the product 

throughout its life cycle is employed.   

• Material Life Cycle: in this case, emphasis is made on a specific material 

used and the relevant processes are taken into consideration.  

• Geographical area: Spatial scales are of increasing importance due to 

increasing geographical separation between production and consumption. In 

this case, drawing the boundary around the geographical area of production 

and excluding the consumer might be most appropriate, although would 

exclude potential re-use options of waste material after product use.  

• Sectoral: An industrial eco-system can be comprised of several companies 

performing similar activities. In such scenarios, it is difficult to conceive that 

any input-output relationships can be developed, a key feature of IE. 

In summary, IE promotes the overall reduction in the environmental burden of 

industrial systems whilst generating economic benefits (Garner and Keoleian, 1995). 

Critical to achieving desired objectives is to understand the interaction between the 

industrial system and the natural environment. This is possible through the utilisation 

of an integrated approach that considers all industrial processes within a product 

system (Boons and Baas, 1997). From a conceptual standpoint, the EWF Nexus tool 

adheres to the framework set out by the IE. It considers: (1) industrial eco-systems as 

an inherent component of the wider natural eco-system; (2) categorises industrial 
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processes as sub-systems of a global system; (3) acknowledges that industrial 

processes are inter-linked; and (4) exhibits the important of considering inputs and 

outputs into the industrial eco-system. Following from this, assessing how the 

industrial system can be redesigned to enhance its compatibility with the eco-system 

is possible (Erkman, 1997). For instance, the EWF Nexus tool with embedded 

modularity and parameterised sub-systems will demonstrate its capability to 

transform linear systems into close loop systems, to reduce the overall environmental 

burden throughout the life cycle of a product (food) system under study.   

 

5.5  Life Cycle Assessment  

The EWF Nexus tool utilises LCA to translate system outputs into environmental 

assessment scores. LCA is a methodological framework defined by ISO 14040 as the: 

“compilation and evaluation of the inputs, outputs and potential environmental 

impacts of a product system throughout its life cycle”. The objective of this is to 

understand and evaluate the magnitude and significance of the potential 

environmental impacts of a product system. The use of LCA as a framework to 

enhance system based analysis has grown drastically since its introduction in 1969 of 

which a historical review has been documented in literature (Hunt et al., 1996, 

Oberbacher et al., 1996; Gabathuler, 2006). The first guidelines were developed by 

the society of environmental toxicology and chemistry (SETAC) as the “code of 

practice” which was then replaced by the term “life cycle assessment (LCA)” and 

governed by a set of standards developed by the international organization for 

standardisation (ISO14040-44) during the period 1997 to 2006 (Jensen, 1998). 

The ISO 14040 uses the definition above as a tool for the analysis of the 

environmental burdens of products (goods or services) at all stages of their life cycle 

(Guinée et al., 2002). In general, the components of a product life cycle include: (1) 

the acquisition and processing of natural resources; (2) manufacture; (3) use; and (4) 

the reuse, recycling or disposal of the product. According to ISO 14041, LCA is 

carried out to: 

• obtain a systematic view of interconnected product systems; 
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• formulate the objective of the study, define the model system and collect the 

necessary data; 

• establish  a baseline environmental performance for a given product system by 

quantifying the use of energy flows, raw materials and emissions to air, water 

and land associated with that system (for the whole system and for the 

individual unit processes); 

• identify the unit processes within a product system where the greatest use of 

energy flows, raw materials and emissions occur. 

The four main stages of LCA according to ISO 14040 are the: (1) Goal and Scope 

definition; (2) Life Cycle Inventory analysis (LCI); (3) Impact Assessment (LCIA); 

and (4) Interpretation of the results.  

 

 

 

 

 

 

 

 

 

Figure 5-5: Methodological framework of LCA: phases of an LCA (modified from BS EN 
ISO14040, 2006). 

Goal and scope definition: this is the stage in which the initial choices that define 

the working plan for the whole LCA are made. For instance, the research question, 

target audience and application in terms of its ultimate function, the functional unit 

and corresponding reference flows are defined. The functional unit defines the 

quantification of the identified functions which is consistent with the goal and scope 

of the study. Through the definition of functional unit, the amount of product which is 

necessary to fulfil the function is quantified.  

The result of this quantification is the reference flow which is then used to calculate 

the inputs and outputs of the systems. During this stage, the system boundaries that 
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encompass all the unit processes are defined. Critical to this, is the resolution or the 

level of detail in which these unit processes are determined.  

Inventory analysis: the life cycle inventory (LCI) stage is tasked with preparing an 

inventory for all input/output processes involved in the life cycle of the product 

system. The input and output flows include both economic and environment flows. 

Based on the flow chart and system boundaries, unit process are interconnected to 

allow calculations on the complete system. This is accomplished by normalising the 

flows of all unit processes in the system to the functional unit. The calculation should 

result in all system input and output data being referenced to the functional unit. The 

steps required for this stage include: 

a) illustrating the specific process flow diagrams which outline all the unit 

processes including their interrelationships;  

b) descriptions of each unit process in detail; 

c) determining data requirements, data collection methods including sources and 

calculation methods. The results generated in the inventory are related to the 

to each unit process and for the defined functional unit of the product. 

 

Figure 5-6: Environmental interventions and economic flows (Guinée et al., 2002). 

Material flow analysis (MFA) is essentially a means to build the inventory. It is a 

systematic assessment of the flows and stocks of materials within a system defined in 

space and time. The roots of material flow analysis stem from the conservation of 

mass principle which stipulates that mass cannot be lost, only transformed within 

system unit processes (Graedel and Allenby, 2009).   
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Impact assessment: Life Cycle Impact Assessment (LCIA) is the stage in which 

inventory data is analysed in terms of environmental impacts and societal preferences. 

At this stage, impact categories are introduced and models for relating the associated 

environmental burden from each process to a relevant impact category are used 

(Guinée et al., 2002). The aim of which is to understand and evaluate the magnitude 

and significance of the potential environmental impact of the product system. The 

impact categories considered in this research are listed in Table 5-1 together with a 

short description for clarity.  

Classification: uses the raw data from the inventory analysis (energy and resources) 

to identify the environmental categories, e.g. assigning methane based emissions to a 

global warming potential. 

Characterisation: the process of quantitatively determining the impact resulting 

from emissions and resource consumption. The impact is estimated through the 

quantification of the level of environmental stress of category 𝑗𝑗 caused by the 

emission of a unit of mass of species 𝑖𝑖. 

𝑆𝑆𝑗𝑗 = �𝐶𝐶𝑖𝑖,𝑗𝑗
𝑖𝑖

.𝐸𝐸𝑖𝑖 (5-1) 

Where 𝐸𝐸𝑖𝑖 is the mass flow for species 𝑖𝑖; 𝑆𝑆𝑗𝑗  the category stress indicator for category 𝑗𝑗; 

and 𝐶𝐶𝑖𝑖,𝑗𝑗 the characterisation factor for species 𝑖𝑖 and category 𝑗𝑗. 

Normalisation: this step relates the 𝑆𝑆𝑗𝑗   values derived at the characterisation step for 

the impact categories considered to a reference value 𝑅𝑅𝑗𝑗 leading to a normalized 

indicator 𝑁𝑁𝑗𝑗 

𝑁𝑁𝑗𝑗 =
𝑆𝑆𝑗𝑗
𝑅𝑅𝑗𝑗

 (5-2) 

Valuation: this process assigns weighting factors to the different impact categories 

based on their perceived relative importance. 

𝑊𝑊𝑗𝑗 = Ω𝑗𝑗 .𝑁𝑁𝑗𝑗 (5-3) 
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Table 5-1: Description of main LCA impact categories considered (compiled after CML, 
2001). 

Impact Category Relevant LCA data Characterisation factor 

Global warming 

Refers to the impact of anthropogenic 
emissions which enhance the radiative 
forcing of the atmosphere, causing the 
temperature of the earth’s surface to 
rise. 

Carbon dioxide (CO2), nitrous 
oxide (N2O), methane (CH4), 
chlorofluorocarbons (CFCs), 
hydro chlorofluorocarbons 
(HCFCs), methyl bromide 
(CH3Br) 

Global warming potential: 
converting LCI data to carbon 
dioxide (CO2) equivalents 
(based on 100 year global 
warming potential). 

Acidification 

Refers to the acidifying pollutants’ 
potential impacts on soil, 
groundwater, surface waters, 
biological organisms, eco-systems and 
materials. 

Sulphur oxides (SOx), nitrogen 
oxides (NOx), hydrochloric acid 
(HCl), hydrofluoric acid (HF), 
ammonia (NH3) 

Acidification Potential: 
Converts LCI data to Sulphur 
dioxide (SO2) equivalents.  

Human toxicity 

Refers to the potential impacts of toxic 
substances present in the environment 
on human health. 

Total releases of heavy metals 
and carcinogens etc. to air, water 
and soil. 

Human toxicity potential: 
Converts LCI data to 
dichlorobenzene (1,4-DB) 
equivalents. 

Depletion of abiotic resources 

Refers to the depletion of natural 
resources (including energy resources) 
which are regarded as non-living. 

Quantity of minerals and fossil       
fuels used. 

Resource depletion potential: 
converts LCI data to a ratio of 
quantity of resource used over 
the quantity of resource left in 
reserve. 

Aquatic eco-toxic potential 

Refers to the potential impacts of toxic 

Substances on aquatic eco-systems. 

Toxic chemicals of brine disposal 
from desalination plants.  

Factors are calculated for 
groups of chemicals within the 
brine effluent. 

Land footprint  
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Refers to land area occupied. Area occupied by farming and 
solar power facilities. 

 

 

 

 

5.6 Integration of Nitrogen in LCA 

The development of methodologies to account for nitrogen within food systems has 

become increasingly relevant. Janzen et al. (2003) emphasised the need to fully 

understand nitrogen within food systems because; (1) nitrogen losses can impact farm 

profitability; and (2) the need to reduce the large N2O-N GHG emissions from 

agriculture. Emissions of N2O from anthropogenic sources can be categorised as; (1) 

biogenic which is related to N2O formation due to bacterial activity in fertilized 

fields; and (2) abiogenic which are related to the formation of N2O during  

combustion processes. The majority of N2O emissions are a result of biogenic activity 

(Bouwman et al., 1995) which is primarily attributed to the nitrification and 

denitrification processes as discussed in section 3.1 (Mosier et al., 1998b). 

Understanding N flows within a system enables the confirmation of N losses and 

inefficiencies within the system (Janzen et al., 2003; Mosier et al., 1998b).  

The emphasis of nitrogen in LCA is a well-documented approach for advancing the 

accuracy of nitrogen emission rates within food system analysis (Brentrup et al., 

2004). On-field N emissions have always been considered within agriculture/food 

system LCA studies where they have a significant impact on the final results 

(Brentrup et al., 2004). However, exact rates for nitrogen emissions to both air and 

water from the food system is often difficult to derive because emission rates vary 

with soil type, climatic conditions and agricultural management practices (Brentrup et 

al., 2000). 

The nitrogen cascade concept discussed earlier (section 3.5) draws similarities with 

the impact assessment segment of LCA. For instance, power generation via fossil 

fuel combustion results in the conversion of atmospheric N2 to NOx. The result is an 

increase in the ozone concentrations, subsequently decreasing atmospheric visibility, 

increasing concentrations of particulate matter and acidity in precipitation 

(Galloway, 2003). Within an LCA study, the extent to which a compound such as 
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NOx will have on the environment is examined through the use of characterisation 

factors to appropriate the species to the relevant impact categories. The usual impact 

categories which are used cover the three layers described by Galloway (2003) 

including the atmosphere, terrestrial eco-systems and aquatic eco-systems. 

The cascade emphasises conceptually that Nr does not flow/cascade through different 

reservoirs at the same rate. For instance, agro-systems consisting of forests and green 

lands are able to accumulate Nr therefore impeding Nr ability to cascade to other 

reservoirs. However, most systems have in fact, a finite capacity to absorb and 

accumulate Nr. The result is such that when a system is saturated, Nr is transferred to 

other systems downstream (Erisman, 2009). Because LCA does not consider the 

residence time (i.e. resident time of species in different eco-systems), Nr is 

considered in all impact categories in parallel, rather than adopting the cascade 

concept in which Nr is accumulated in one reservoir prior to its transfer to other 

systems causing multiple effects within the Earth system. This is because linkages in 

the cascade require the quantification and analysis at different scales which are 

beyond the scope of standard LCA studies.  

Within the food system sources of nitrogen exist from a spectrum of different and 

natural and anthropogenic processes all of which will be integrated as part of a wider 

food system LCA as illustrated in Figure 5-7. They include combustions processes 

which produce NOx and N2O upstream the fertilizer supply chain releasing NH3, N2O 

emissions during production in addition to the emissions released in the utilisation of 

energy.   
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A nitrogen balance study provides an indication as to the condition of the agro-

system. A nutrient surplus presents a potential pollution problem and a nutrient deficit 

presents a potential malnourishment of soils. The simplicity of nitrogen budgeting is 

such that it requires low capital and time investment. However, the quality of the 

results is highly dependent on the quality of the data. In the absence of accurate and 

quality data, crude assumptions are utilised adding a layer of uncertainty to the 

results. Although the methodology is such that assumptions can easily be refined as 

data becomes available. A further limitation is the fact that standard coefficients used 

in the calculations vary, which can also be a source of uncertainty.  

Finally, the choice of denominator is also particularly important in determining the 

type of indicator required. For instance, evaluating an agro-system in terms of the 

potential for nitrate leaching would utilise the total area of land as the denominator. 

Whilst nitrogen budgets that measure the nutrient balance in terms of nitrogen input 

provide an indication for resource efficiency and enable the comparison with other 

systems (Parris, 1999; OECD, 2001).  

Based on the different inputs and outputs, the main factors which influence the extent 

to which an agro-system demonstrates a nutrient surplus or deficit depend on (OECD, 

2001): 

• the type of nutrient: for instance nitrates are very soluble and are not absorbed 

as readily by soil particles. Therefore, they are more susceptible to leaching;  

• the efficiency of nutrient uptake which varies from crop to crop; 

• the type of cropping/livestock system and manure management system; 

• farm management practices: refers to the rate of nutrient application; 

• natural occurring nutrient levels: this is influenced by soil type, geology, 

atmospheric deposition. 

The use of the nitrogen budget and LCA concepts were applied to a winter wheat 

production systems as detailed in Brentrup et al. (2000) and Brentrup et al. (2004) 

respectively and illustrated in Figure 5-8. In this study, the magnitude of unaccounted 

for N was attributed to the N lost via leaching to groundwater.  

 

N input:                                     

- Organic fertilizers                    

- Mineral fertilizers                   

- Atmospheric deposition                        

N into atmosphere:                                                            

-Nitrification/denitrification (N2, N2O)                                  

-Volatilization (NH3) 

N into yields:        

- Crops                     
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study: (1) indirect emissions: human consumption of crops followed by sewage 

treatment and food processing; and (2) direct emissions: crop residue mineralization 

and soil N mineralisation.  

                          Table 5-2: Summary of relevant nitrogen outputs considered in this research. 
Emission Type Source Process 

NH3 Direct Fertilizer application Volatilisation 
N2O Indirect  Fertilizer application Volatilisation 
N2O direct  Fertilizer application Denitrification and  nitrification  
NO3 Direct Fertilizer application Leaching 
N2O Indirect  Fertilizer application Leaching 
NO Direct Fertilizer application Nitrification 
NH3 Direct Manure  Volatilisation 
N2O Direct Manure  Denitrification and  nitrification 
N2O Indirect  Manure Volatilisation 
N2O Direct Biological N fixation Denitrification and  nitrification 

N Direct Crops N uptake by crop 

                         Table 5-3: Summary of relevant nitrogen inputs considered in this research. 
Input Type Source Process 

N Direct Atmosphere Biological N fixation 
N Direct Fertilizer  Industrial N fixation  
N Direct Atmosphere Atmospheric deposition  

Note: sources which are not considered include: seeds and planting material.  

5.8 The EWF Nexus Tool  

The EWF Nexus tool is developed for the analysis of any given product system, 

represented by sub-systems that describe individual unit processes, and with emphasis 

on the inter-linkages between EWF systems. The LCI methodological framework for 

the EWF Nexus tool has been designed for evaluating the performance of different 

delivery pathways for a given functional unit (product). This is achieved through 

tracing of material and energy flows within the different EWF Nexus elements and 

with the natural environment.  

The interaction between EWF Nexus elements and their constituting sub-systems are 

presented in Figure 5-9. The transfer of products between sub-systems represent: (1) 

the energy required for the production of water and the water requirement in the 
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On the other hand, emissions beyond the system boundary are characterized using the 

CML 2001 baseline impact categories as detailed in Table 5-1. If prompted, the EWF 

Nexus tool can be used to assess a range of different product systems utilising EWF 

resources simultaneously, ensuring that product system examined is considered as 

part of the wider environment, and in the context of high level national priorities. The 

output of the assessment can reflect the unsustainable nature of the product system(s) 

in question and identify bottle necks within the unit processes.  

The tool integrates the utilisation of EWF resources in a single resource model and 

estimates the performance of a given system configuration delivering a product or a 

service on atmospheric, terrestrial and marine eco-systems. The modular nature of the 

tool through sub-systems enables the accurate representation of complex systems 

through the development of parametrised unit processes in the form of sub-system 

components. This approach makes sure that the models designed can be used to 

represent technical and spatial differences that exist between different systems and 

unit operation effects can be accounted for by modifying appropriate parameters of 

the component unit processes.  

Furthermore, the tool is set apart from earlier approaches in that it considers the inter-

linkages between all three EWF resources and that the process models developed 

offer adequate resolution, avoiding the use of generic data bases where possible. 

Furthermore, setting up the models and inter-linkages at unit process level offers 

significant advantages over gate-to-gate data gathering methods, which generally 

imply that component systems are simplified to a simple black box with constants and 

where linear coefficients have been used to assign inputs and outputs. For instance, 

the electricity generation data of mainstream LCA software and databases place more 

emphasis to the system boundaries (gate-to-gate data) rather than prioritising the 

detail in unit process representation.  The result is a lower accuracy for emissions and 

estimated impacts, as well as limitations in representing the technical and 

geographical characteristics of the scenario considered. The model presented allows 

the user to consider the actual variability of process parameters and operating 

conditions.  

Furthermore, the modelling approach enables the identification and quantification of 

the EWF inter-linkages as a function of the type of technology and the region in 
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which it is used. This allows for specific environmental pressures to be identified and 

tailored solutions to be engineered. The tool developed is a culmination of IE, LCA 

and EWF Nexus concepts. Its main features are: 

• integrated modelling is used to track energy and non-energy related GHG 

emissions, solid wastes, toxic liquid emissions, air pollutants and the 

consumption of natural resources; 

• the holistic approach ensures that a spectrum of environmental impacts and 

relevant trade-offs can be explored. For instance evaluating whether a 

reduction in GHG emissions will result in increased emissions and impact in 

other life cycle categories; 

• the design of LCI models at component unit processes level allows for process 

parameters to be adjusted according to the examined scenario; 

• the nested and modular structure implemented allows the flexible update of 

the LCI models and the possibility to examine multiple scenarios; 

• the environmental performance of different scenarios can be examined in 

terms of specific emission, resource consumption or life cycle impact category 

score; 

• it is possible to identify the substances and unit process that contribute 

significant burden, with the aim to mitigate the impact through process 

reconfiguration or technology intervention.     

The objective of the EWF Nexus tool developed is to answer key questions regarding 

the utilisation of resources, and the impact a particular policy may have on the 

environment. This research will consider the fundamental question concerning the 

environmental burden of the provision of food in water-scarce countries. As such, 

with food products as the focus of the model (i.e. product system), Qatar is chosen as 

a test site. The analysis presented evaluates different possible scenarios (system 

configurations) delivering the same food production profile (this is the functional unit 

of the EWF Nexus). 

Qatar is considered a particularly interesting case study. This is because whilst it has 

an abundance of energy reserves, it has a severe shortage of fresh water and arable 

land. It is also situated in a hyper arid, volatile region with extreme security risks and 

is vulnerable to the effects of climate change. Annual freshwater extraction from 
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aquifers is four times the rate of natural recharge of 50 Mill.m3/year. The depletion is 

driven by agriculture which represents only 1.6 % of the total land area of Qatar, and 

provides for approximately 8 –10 % of domestic food consumption and contributing 

0.1 % to the domestic GDP (Alpen Capital, 2011; QNFSP, 2013). The freshwater 

extraction is unfortunately leading to the greater salination of aquifer water and, to 

avoid this, fossil fuel powered desalination is used to provide more than 99 % of 

Qatar’s water demand (up to 539 Mill.m3/year). In 2012 Qatar’s electricity generating 

capacity reached 9,000 MW and is expected to rise with the predicted population 

growth.  

The case study presented here considers an increase in Qatar’s domestic food 

production to 40% of the domestic demand by weight using a given crop profile by 

the year 2025. The proceeding text will provide insight into Qatar’s food system, 

risks to its security, the need for transformation, and the relevant sub-systems 

enabling this transformation which are to be evaluated within the EWF Nexus tool.  

5.9 Qatar Food System  

Given Qatar’s rapid development, it is widely considered that its food system remains 

underdeveloped demonstrated by the fact it imports approximately 90 % of its annual 

food requirements. The quality of perishable commodities such as fresh fruit and 

vegetables, meat, fish, and dairy products is questionable. As such, existing 

vulnerabilities will become more pronounced as the global food market becomes 

increasingly challenged. For instance, the sporadic availability of food products is a 

growing concern. It is said that “stock-outs” of more specialised items occur regularly 

where even the most basic food categories experience frequent stock-outs such as 

fresh poultry (QNFSP, 2013). Food system vulnerabilities evidently result in 

disruptions in supply chains, ultimately leading to national food insecurity. A fully 

functioning food system is essential in order to ensure the availability, affordability 

and quality (nutritional value) of food products. The ability of the state of Qatar to 

deliver national food security is highly dependent on; trade shocks and supply chain 

disruptions, long-term global market risks, and water-supply failure.  
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 Trade Supply Disruptions  5.9.1

Qatar imports 75 % of its annual food requirements from only seven different 

countries; Saudi Arabia (16%), India (14.6 %), Australia (12.4 %), United Arab 

Emirates (11.4 %), Pakistan (10 %), Brazil (8 %) and Jordan (7 %).  Due to Qatar’s 

geographical location within the Arabian Peninsula (see Figure 5-10), the import of 

food products is permitted from two locations; the Strait of Hormuz and through the 

southern border with KSA. The closure of any of the two ports for any reason such as 

war or natural disaster, and for any period of time, whether occurring individually or 

simultaneously presents a significant threat to the import of food from normal supply 

routes. For instance a two-week closure of the Strait would reduce cereal imports by 

93 %, meat imports by 52 % and incoming fruit by 34 %. A tragedy that would 

affects Qatar’s economy by an estimated 15 – 20 billion USD over 10 years 

(ICARDA, 2010; QNFSP, 2013). Supply chain disruptions could also occur from the 

source country itself rather than somewhere along the supply route. Saudi Arabia, 

which also suffers from a harsh climate, exports milk and meat products to Qatar. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-10: Location map of Qatar (modified from Flash Earth, n/a and Asia Atlas, n/a). 

Similar to Qatar, climate change and depleting aquifers are likely to affect Saudi 

Arabia’s agriculture industry. In response, Saudi Arabia is currently phasing out its 

wheat and barley production because of the intense water requirement. Qatar is not 

susceptible to wheat supply disruption from Saudi Arabia as its main imports are 

protein based (QNFSP, 2013). 

Table 5-4: Summary of Qatar’s exposure to regional trade disruption risks calculated per 
tonne of demand (QNFSP, 2013). 
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 Local 
production    
(% of total) 

Imported 
through Strait 
of Hormuz    
(% of total) 

Imported 
through KSA   
border     
 (% of total) 

Regional 
trade 
disruption 
risk 

Meat 5-7 77.3 9.0 high 
Fish 34 31.8 32.2 low 
Fruits/vegetables 12-15 17.8 58.2 high 
Dairy/eggs 20-27 16.5 59.5 medium-high 
Cereals/bread 0.4 81.7 17.9 low 
Sugar 0 65.7 33 low 

 

The majority of food production systems are vulnerable to climate change 

(Rosenzweig and Parry, 1994) which in turn will impact Qatar’s food security as it is 

a high importing nation. For instance, Qatar’s future supply of livestock could be at 

risk if Saudi Arabia decides to reduce its livestock production due to its own 

susceptibility to desertification which entails: a reduction of soil moisture, soil 

erosion and soil infertility (Alkolibi, 2002). In 2008, the import ban on all poultry 

from Saudi Arabia (Qatar’s main supplier) due to the suspected bird flu outbreak 

caused the domestic price of eggs to double almost instantaneously.  

 Vulnerable Domestic Infrastructure  5.9.2

The underlying failure in Qatar’s food system is related to the small scale of the 

domestic market rendering it incapable of competing in the global market place, 

inadequate domestic infrastructure and extremely limited domestic production of 

highly perishable foods. Domestic production in Qatar involves the cultivation of an 

approximate 9,000 ha of land out of an estimated 65,000 ha of possible area for 

expansion. Qatar produces only 13 % of its fruit and vegetables, 27 % of dairy 

products, 7 % of poultry, and a 5 % of red meat. The existing cultivated area 

comprises of poor crop selection, outdated farming practices and inefficient 

technologies all of which have crippled the ability to increase self-sufficiency whilst 

contributing to national resource depletion (QNFSP, 2013; ICARDA, 2010).  

The agriculture system in Qatar is driven by the extraction and delivery of aquifer 

water for irrigation using fossil fuel energy. Annual freshwater extraction from 

aquifers is approximately 250 Mill.m3/year, five times the rate of natural recharge. 

The depletion, driven by agriculture is leading to greater salination of aquifer water. 
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At this rate, it is estimated that Qatar’s nation’s natural strategic reserve of fresh 

water will disappear, rendering domestic agriculture obsolete by 2020 (QNFSP, 

2013). Within, Qatar’s desert climate, any further deterioration in the limiting factors 

such as temperature or water scarcity will likely result in reduced food production as 

harsher growing conditions emerge (i.e. increased desertification) (Raouf 2008). 

 

 Increasing Domestic Production 5.9.3

The crop profile detailed in Table 5-5 is the product of a hypothetical scenario 

involving the production of 40 % of Qatar’s domestic consumption demand by 

volume deemed economically viable by QNFSP (2013). It is focused on perishable 

food items because they represent the highest food security risk as they are most 

likely to lose quality/freshness in the case of a severe disruption or shock in trade 

routes. Furthermore, perishable foods require less water to produce, which is 

desirable for local production in water-scarce environments. 

 

The distribution of the crop profile: open field agriculture; i.e. onions and potatoes 

(20 %), protected agriculture i.e. tomatoes and cucumbers (20 %), fruits i.e. dates 

and citrus (20 %) and livestock products (40 %). Legumes, fodder and cereals are 

omitted from the crop profile as they are considered unsuitable for growth due to 

their respective large water requirements (QNFSP, 2013). The water profile is 

calculated individually for each crop throughout the year and totalled to develop an 

annual profile as illustrated in Figure 5-11 (QNFSP, 2013).  
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Figure 5-11: Annual food production water requirement for the year 2025. 

Eliminating unsustainable practices, shifting to resource-efficient production, and 

producing only those crops and products that meet certain criteria will increase the 

sector's contribution to the sustainable intensification of food production in Qatar. A 

modernised food system will contribute to food security by: (1) ensuring the 

availability, quality, and affordability of food at all times; (2) mitigate the risks of 

short and long-term supply disruptions; (3) limit Qatar’s exposure to food price 

volatility; and (4) create opportunities for the creation of a diversified economy.  

Transitioning to optimised agriculture lays the groundwork for local farms to produce 

up to 40 % of the country’s food needs (by volume) while using roughly the same 

area of arable land and only two thirds of the water in current use. An optimised crop 

mix predominately consisting of fresh produce will form the basis of domestic 

production. In the transformed agricultural system the use of aquifer freshwater is 

prohibited and is substituted with fresh water from dedicated desalination plants. 

 

        Table 5-5: Crop profile for Qatar 2025 case study. 
Crop Profile Production (tonnes)  Land requirement (ha)  

Vegetables open field 104,041.8 2,325.4 
Onions 34,697.8 775.5 
Potatoes 15,472.1 345.8 
Brassicas 15,215 749.1 
Vegetables greenhouse 155,211.5 505 
Tomatoes 61,246.8 199.2 
Cucumbers 20,403.8 66.4 
Legumes - - 
Lentil - - 
Fodder - - 
Alfalfa - - 
Rhodes - - 
Oil seed crop - - 
Sunflower - - 
Cereal - - 
Wheat - - 
Rice - - 
Livestock grain - - 
Barley - - 
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Millet - - 
Sorghum - - 
Fruit 127,570 5,851.1 
Citrus 39,247.3 1,800.1 
Dates 34,296.4 1,573 
Sugar - - 
Beef 991.5 3.5 
Poultry 111,276.5 359.1 
Dairy 130,012.9 191 
Aquaculture 14,281.5 14.3 
Sheep 19,345.2 126.6 
Eggs 23,169.7 21.5 
Wild catch 20,551.5 - 
Camel meat 5,716.6 19.1 
Total 712,168.5 9,397 
Total fodder and cereal - - 
Total fruits and vegetables 386,823.2 8,681 
Total livestock products 299,077.3 716 

(a) Data labels in bold indicate the crop type/category.  
(b) – indicates zero production. 

Furthermore, renewable energy in the form of solar energy is considered as an 

alternative to fossil fuels for power generation (QNFSP, 2013). The transformation of 

the food system using sustainable intensification as the guiding principle requires the 

identification, evaluation and mitigation of environment degrading processes. Such 

examples include: (1) excessive reliance on energy intensive desalination which can 

potentially influence salinity levels of the Arabian Gulf, therefore impacting fisheries; 

(2) the use of chemical fertilizers which will increase as cultivated areas increase; and 

(3) the emissions from the raising of livestock.  

 

 Application of the EWF Nexus tool 5.9.4

The function of the EWF Nexus tool in relation to Qatar’s proposed food system is to 

identify and reduce the environmental burden whilst increasing domestic production.  

As such, the relevant sub-systems representing the EWF Nexus elements are 

mobilised in the analysis as illustrated in Figure 5-12. The rationale behind the 

selection of the sub-systems is based on technology or systems that are in operation in 

Qatar today and different technology options which are not currently available but 
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Whilst land allocation and suitability for the different crops for the conditions in 

Qatar continues to be studied, the potential location of food production farms is yet to 

be determined (QNFSP, 2013). For this reason, the energy required for the 

distribution of water (horizontal pumping) in irrigation is not considered in this case 

study. The scenarios analysed excludes the use of groundwater for irrigation, and so 

the energy requirement for vertical pumping is also not considered in the analysis. 

Additional energy requirement for support activities, such as food processing 

facilities and administrative buildings, which will depend on post-development 

operational characteristics are not considered for simplicity. Furthermore, the 

embodied energy of equipment which would vary for different farms (tractors, on 

farm machinery and greenhouse construction) is not considered in this research.  

Within the food sub-system, emissions associated with the import of crops outside the 

crop profile consumed domestically are not considered and neither is the domestic 

transport of products. The land footprint of desalination facilities, power plants and 

fertilizer production facilities is not considered as this is very small in comparison to 

the PV and agriculture. The analysis is only conducted for the crop profile 

representing the 40 % scenario with the aim of re-configuring of the different sub-

systems to deliver the same objective.  

Varying the crop profile (i.e. food self-sufficiency %) is not possible in this study 

because the data pertaining to the calculation of the 40 % crop profile is unavailable. 

Such data encompasses the assumptions made on the water requirement for every 

crop in the profile and their respective share of domestic consumption. The 

proceeding chapters will detail the LCI sub-system models for the water, energy and 

food nexus elements illustrated in Figure 5-12.  

The accuracy of EWF Nexus assessment outcomes is highly dependent on the quality 

of input data and the sub-system outputs. The LCI sub-systems models utilised 

within the EWF Nexus have been designed at an appropriate resolution, representing 

accurately the nature of inputs and outputs for the different unit processes, and 

validated with published literature and industry practise where possible. Specifically 

for the water and energy sub-systems, models and outputs have been validated using 

industry data (confidential information available to the Minerals, Energy and 

Environmental Engineering research group at Imperial College) and published 
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literature. Where necessary data required to design sophisticated models are not 

available, such for the food sub-systems models, generic factors used by reputable 

sources (e.g. IPCC) have been utilised, therefore implying a lower level of 

confidence for the outputs. In such cases, accounting for uncertainty has been 

considered by using appropriate input parameter ranges in the LCI modelling 

providing a low and high estimate of the corresponding LCA impact category 

indicator scores. These are reported in addition to a mean deterministic estimate.  

  

5.10 Water foot printing 

The water foot printing methodology developed by ISO (14046) can be applied to 

identify potential environmental impacts related to water including ascertaining 

water consumption and changes in water quality. The water footprint can be 

conducted and reported as a stand-alone assessment, or as part of a comprehensive 

life cycle assessment of all environmental impacts. The water footprinting 

assessment methodology as governed by (ISO, 14046) considers all stages of a 

product life cycle from raw material acquisition to final disposal.  

In this PhD research, the only type of fresh water input into the system is permeate 

product from the desalination process, which is utilised within the EWF Nexus for 

the purpose of enabling natural processes (i.e. photosynthesis) and anthropogenic 

processes (i.e. cooling/process water). Alternative water resources as stated by the 

ISO (14046) such as ground water, precipitation, surface water, brackish water, fossil 

water and un-desalinated seawater are not utilised. Furthermore, desalinated water is 

considered to be consumptive (i.e. not returned to the ecosystem it is original form, 

namely seawater) and is not re-used on site. Therefore, for the purposes of this study, 

determining the water footprint as encouraged by the ISO (14046) is computed 

considering that it is in the form of desalinated water and is determined for all stages 

of the product system.  

Furthermore, the water foot printing methodology adopted in this research, considers 

the environmental impact of water utilisation as stipulated by ISO (14046). Since 

water is supplied from desalination processes, a respective energy cost which has 

enabled the provision of this fresh water is calculated. Furthermore, this study 

assumes that polluted water from the various industrial system unit processes is not 
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returned to natural water bodies (i.e. seawater) and that the only effluent returned is 

the brine by-product from the desalination process. As such, and in accordance with 

ISO (14046), an appropriate methodology based on LCA is devised in order to 

determine the respective environmental impact (i.e. aquatic eco-toxicity) from brine 

disposal which is presented in the next chapter (section 6.4). Finally, because the 

water source for the EWF Nexus case study analysed is from the sea, which is 

considered to be an infinite body of water, the impact on water scarcity is not 

included in the analysis.  
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 Water Sub-system LCI Model Chapter 6
Development  

The unsustainable use of aquifer water in Qatar has rendered the aquifers technically 

depleted (with reference to quantity and quality). Therefore, any development of the 

food sector to the level of self-sufficiency required will need to consider alternative 

sources of water. With the prevalence of desalination processes in Qatar, their 

expanded use can be considered to be an acceptable alternative. Desalination 

processes can take one of two forms (Darwish et al., 2009): (1) Thermally operated 

processes obtain their heat input from steam for evaporative desalination; (2) 

Mechanically operated processes utilise power in the form of electricity for 

mechanical desalination. As such LCI models will be developed for multi-stage flash 

(MSF) and reverse osmosis (RO) systems representative of both thermal and 

mechanical desalination processes respectively.    

The analysis conducted as part of this research considered different configurations 

which are prevalent in Qatar and the wider GCC. Models depicting the configurations 

are re-engineered and integrated into the EWF Nexus tool in order to provide the tool 

with flexibility when selecting the method of water provision. The comparison of 

energy consumption per unit product for different desalination processes requires 

detailed analysis into the (Darwish et al., 1997):  

• Type of energy used: the form of the energy used (i.e. thermal or 

mechanical). The equivalency of the thermal to mechanical energy should also 

be considered. 

  85 



Water Sub-System LCI Model Development   

• The method of application: the source of energy considers the form in which 

the energy is received (i.e. thermal energy in the form of steam can be 

supplied directly from a boiler or extracted steam from a HRSG). 

• The energy consumption: the total energy use which includes the primary 

energy for desalting in the form of heat and the mechanical energy used for 

mechanical equipment such as compressors, pumps and turbines.  

• The capacity: the capacity of the desalting process influences the 

configuration that can be used. 

To enable thermodynamic calculations, an MS Excel add-in is incorporated into the 

EWF Nexus tool. It provides a set of functions for the calculation of thermodynamic 

properties for water and steam using the industrial standard IAPWS-IF97. Functions 

are available for calculating properties in the single phase in either the vapour or 

liquid state.  

The main relationships used (Spang, 2001): 

(1) Specific enthalpy in single-phase state: 

ℎ = 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑊𝑊 (𝑇𝑇;𝑃𝑃)   (6-1) 

Where 𝑇𝑇 is temperature in K, P is pressure in bar, ℎ is the specific enthalpy in kJ/kg.  

273.15 K ≤ T ≤ 1073.15 , 0 < p ≤ 1000 bar 

(2) Specific enthalpy in saturation state: 

(i) Specific enthalpy of boiling water as a function of temperature; 

ℎ = 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑎𝑎𝑇𝑇𝑊𝑊(𝑇𝑇)     (6-2) 

(ii) Specific enthalpy of boiling water as a function of pressure; 

ℎ = 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑎𝑎𝑃𝑃𝑊𝑊(𝑃𝑃) (6-3) 

(iii) Specific enthalpy of saturated steam as a function of temperature; 

ℎ = 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑇𝑇𝑊𝑊(𝑇𝑇)  (6-4) 
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(iv)  Specific enthalpy of saturated steam as a function;  

ℎ = 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝑊𝑊(𝑃𝑃) (6-5) 

Where 𝑇𝑇 is temperature in K, 𝑃𝑃 is pressure in bar, h is the specific enthalpy in kJ/kg.  

273.15 K ≤ T ≤ 647.096 K , 611.657 Pa < P ≤ 220.64 bar 

Table 6-1 illustrates the possible fossil energy and desalination configurations. The 

capacity 𝐷𝐷 in the first column represents the capacity of the desalination plants 

studied. The corresponding (𝑄𝑄𝑓𝑓/𝐷𝐷) is the specific fuel energy computed for every 

configuration. The (𝑄𝑄𝑓𝑓/𝐷𝐷) for the highlighted cases will be derived through the 

development and integration of the relevant water and energy sub-systems which are 

subsequently integrated into the EWF Nexus tool. 

     

Table 6-1: Summary of main result for 14 studies considered by Darwish et al. (2009) and 
for cases considered in EWF Nexus study (highlighted). 

1 thermal vapour compression (TVC),2 multi-stage flash (MSF), 3 multi- vapour compression (MVC),      
4 multi-effect distillation, 5 reverse osmosis (RO), 6 gas turbine (GT), 7 steam turbine (ST), 8 back 
pressure steam turbine (BPST), 9 heat recovery steam generator (HRSG). 
 

 

Case description D 
 (kg/s)  

(𝑸𝑸𝒇𝒇/𝑫𝑫) 
(MJ//m3) 

Fuel Fired boiler driving TVC1 314.6 329.4 
Fuel fired boiler driving MSF2 332.2 311.9 
Steam extracted from steam turbine driving MSF2 522.0 198.5 
BPST8 power driving MVC3 and MED4 803.2 129.0 
BPST power driving RO5 and MED 1,459.9 71.0 
Steam cycle driving MVC 863.6 120.0 
Steam cycle driving RO 1,727.1 60.0 
GT6 driving RO 1775 58.4 
GT driving MVC 887.2 116.8 
GT with HRSG9 driving MSF1 and RO 1,824.7 56.8 
GT/ST7 cycle driving RO 2,514.0 41.2 
GT/ST cycle driving MVC 1,256.0 82.5 
GT/ST cycle with BPST driving MVC and MED 2,579.5 41.9 
GT/ST cycle with BPST driving RO and MSF 2,427.0 42.7 
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6.1 Thermal Desalting Process: Multi-Stage Flash 

There are several types of desalination processes in commercial use; Multi-Stage 

Flash (MSF), Multiple Effect Evaporation/Distillation (MED), Mechanical Vapour 

Compression (MVC). This study will only consider cases which utilise MSF as it is 

currently the most common thermal technology in Qatar. Al-Sahali and Ettouney 

(2007) suggest that the large deployment of MSF can be attributed to its reliable 

performance, simple layout and its long life expectancy. The modelling of the MSF 

sub-system is carried out using procedures which consider the main design 

parameters (El-Dessouky et al., 1995; Darwish et al., 1997; El-Dessouky et al., 1998).   

 

 MSF Process  6.1.1

The typical components of a MSF process consist of a brine heater, heat recovery/re-

gain section (HGS) and the heat rejection section (HRS) (smaller than the HGS). 

Darwish et al. (1997) provides a detailed explanation of the MSF process which is 

summarised in the proceeding text.  

A recirculation stream of flow rate(𝑅𝑅) enters the condenser at the last stage of the 

HGS at temperature (𝑇𝑇𝑖𝑖) and leaves the first stage at 𝑒𝑒1. The recirculation stream 

enters the heat input section (HIS) and is heated by the brine heater to the top brine 

temperature (𝑇𝑇𝑂𝑂), also known as the top brine temperature (𝑇𝑇𝑇𝑇𝑇𝑇) which ranges 

between 90 - 120 oC, depending on the scale inhibition method used (i.e. low- or 

high-temperature additives, or acid dosing). The maximum allowable 𝑇𝑇𝑂𝑂 depends on 

the criterion for calcium sulphate deposition, which is directly related to the brine 

concentration and pH. At the HGS flashing occurs at each stage where a small 

amount of product water is generated and accumulated across the HRS and HGS. 

This is because the recirculation stream enters the first stage with a temperature 𝑇𝑇𝑂𝑂 

with a pressure 𝑃𝑃1 of saturation temperature 𝑇𝑇1 <  𝑇𝑇𝑂𝑂. Essentially, the formation of 

vapour (flashing) is the result of a reduction in the brine saturation temperature in 

which case the stage temperature decreases from the hot to cold side of the plant. 
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Figure 6-1: Heat and mass transfer in an MSF desalting facility utilising brine recirculation         

(modified fromVeolia, 2014). 

The vapours which have been formed as a result of the flashing process condense on 

the tubes of the preheater/condenser units. Part of the flashing brine is evaporated and 

the remainder proceeds to the second stage where 𝑃𝑃2 <  𝑃𝑃1 and the flashing occurs 

once again and continues to stage 𝑒𝑒. The flashing brine leaves the last stage at the rate 

of 𝑅𝑅 − 𝐷𝐷, where 𝐷𝐷 is the water evaporated from the flashing brine in 𝑒𝑒 stages and is 

equivalent to the product distillate. The vapour generated from the flashing brine in 

the first stage proceeds across the demister to a condenser. The resulting latent heat 

released from condensation is then used to preheat the brine recirculation stream 

flowing within the condenser tubes.  

On the cold side of the plant (HRS), the feed and the cooling seawater (𝑀𝑀𝐶𝐶𝐶𝐶), are 

introduced into the condenser and preheat tubes of the last stage in the HRS. The 

temperature of 𝑀𝑀𝐶𝐶𝐶𝐶 increases from 𝑒𝑒𝐶𝐶 as it absorbs the latent heat of the condensing 

fresh water vapour of the last stage to temperature 𝑇𝑇𝑖𝑖 as it leaves the HRS (𝑇𝑇𝑖𝑖 is 

equivalent to the temperature flashing brine temperature in the last stage). A portion 

of the cooling water is constituted within the make-up feed water 𝐹𝐹 which is mixed in 

the brine pool of the flashing stages in the heat rejection section. The remainder of the 

cooling water, (𝑀𝑀𝐶𝐶𝐶𝐶 –  𝐹𝐹) is rejected to the sea.   

The feed water 𝐹𝐹 is preheated before it joins to the brine and leaves the last stage 

equal to (𝑅𝑅 −  𝐷𝐷)  −𝑀𝑀𝑏𝑏, to form the recirculation flow. Therefore 𝑅𝑅 =  (𝑅𝑅 − 𝐷𝐷 −
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𝑀𝑀𝑏𝑏)  +  𝐹𝐹 where 𝑀𝑀𝑏𝑏 is the brine blow down equivalent to (𝐹𝐹 − 𝐷𝐷).  The brine blow 

down (concentrated solution) is rejected into the sea in order to control the salt 

concentration of the plant and the brine recycle is introduced to the last stage in HGS. 

There are additional treatment systems within the facility such as deration, anti-

scalant and foaming inhibitors. Mechanical equipment include pumping units from 

the feed seawater and brine recycle and gas-venting systems which operate on 

flashing stages for the removal of non-condensable gases. Steam jet air ejectors 

receive the driving (motive) steam 𝑀𝑀𝑆𝑆 from an adjacent power plant or from an 

auxiliary boiler and are used to maintain the required vacuum in the different 

evaporator stages and the brine heater.  

 

 MSF LCI development  6.1.2

The LCI model developed in this research considers the conventional MSF 

desalination system fitted with; a brine recirculation capability, a three stage HRS, 

and a 23-stage HGS. The desalting system of this kind is preferred over single stage 

flashing systems and once through systems because of: (1) reduced cooling water 

requirement; (2) reduced feed water (reduced pre-treatment); (3) low total specific 

heat transfer; and (4) a higher performance ratio (El-Dessouky et al., 1998). The 

drawback of this system is the high brine rejection rate. 

The model predominately relies on the equations and assumptions detailed in 

Darwish et al. (1997).  This guideline was used because it enabled the calculation of 

the specific thermal and mechanical energy requirement for the MSF process. The 

cross sectional areas of the brine heater and the condenser have not been considered 

in this study.  

The total mass and salt balances for a desalination process (El-Dessouky et al., 1998): 

        𝑀𝑀𝑓𝑓 = 𝑀𝑀𝑏𝑏 + 𝐷𝐷 

      𝑋𝑋𝑓𝑓𝑀𝑀𝑓𝑓 = 𝑋𝑋𝑏𝑏𝑀𝑀𝑏𝑏 + 𝑋𝑋𝑓𝑓𝑀𝑀𝑓𝑓 = 𝑋𝑋𝐷𝐷𝐷𝐷  

 

(6-6) 

Where 𝑀𝑀𝑓𝑓, 𝑀𝑀𝑏𝑏, 𝐷𝐷 are the mass flow rates of feed seawater, rejected brine, 

distillate/product water respectively (kg/s) and 𝑋𝑋 is the salt concentration (ppm).   
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  (6-9) 

Where 𝜆𝜆𝑔𝑔 is enthalpy of the steam at 100 oC (kJ/kg), 𝜆𝜆 is the average latent heat 

(kJ/kg), 𝑀𝑀𝑔𝑔 is the steam mass flow rate (kg/s) , (𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑖𝑖) is the temperature difference 

of the flashing brine (oC), 𝑅𝑅 is the recirculation flow (kg/s) and 𝜂𝜂𝑔𝑔is the efficiency of 

the brine heater.  

From equations (6-7) and (6-8) the following is deduced (Darwish et al., 1997): 

• The performance/gain ratio of the system increases with increasing 

temperature difference of the flashing brine (𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑖𝑖). 

• The pumping energy is influenced by the recirculation flow ratio. As (𝑇𝑇𝑏𝑏 −

𝑇𝑇𝑖𝑖) increases, the pumping energy requirement decreases. 

The energy consumption of the MSF process is also an important rating method.  The 

total energy required to drive the MSF process (𝑄𝑄𝑇𝑇) comprises of the thermal energy 

(𝑄𝑄𝑎𝑎ℎ) input in the form of steam and the additional pumping requirement (𝑊𝑊𝑝𝑝): 

𝑄𝑄𝑇𝑇 =  𝑄𝑄𝑎𝑎ℎ + 𝑊𝑊𝑝𝑝  (6-10) 

The thermal energy (𝑄𝑄𝑎𝑎ℎ) is expressed as: 

𝑄𝑄𝑎𝑎ℎ
𝐷𝐷

= 𝑎𝑎𝑎𝑎ℎ =  
𝑄𝑄𝑙𝑙 +  𝑄𝑄𝑏𝑏ℎ

𝐷𝐷
  (6-11) 

Where 𝑎𝑎𝑎𝑎ℎ is the specific thermal energy required per kg of distillate (kJ/kg), 𝑄𝑄𝑏𝑏ℎ is 

the heat added to the brine heater (W), and 𝑄𝑄𝑙𝑙 is the heat added to the ejectors (W). 

Heat added to the brine heater (𝑄𝑄𝑏𝑏ℎ): 

𝑄𝑄𝑏𝑏ℎ = 𝑀𝑀𝑔𝑔  × 𝜆𝜆𝑔𝑔 (6-12) 

Heat added to the ejector (𝑄𝑄𝑙𝑙): 

𝑄𝑄𝑙𝑙 = 𝑀𝑀𝑙𝑙 × 𝜆𝜆𝑙𝑙 (6-13) 
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Where 𝑀𝑀𝑔𝑔 is the motive steam mass flow rate (kg/s) and 𝜆𝜆𝑔𝑔 is the latent heat of steam 

(kJ/kg) at 𝑇𝑇𝑔𝑔 (oC), 𝜆𝜆𝑙𝑙 latent heat of steam (kJ/kg) and 𝑀𝑀𝑙𝑙 steam mass flow rate to 

ejector (kJ/kg) (assumed to be 10 % of 𝑀𝑀𝑔𝑔 and saturated at 20 bar). 

Table 6-2 below presents the main operational parameters considered in the 

development of the MSF LCI model. Detailed outputs are presented in Appendix 1 

(Table A1-1) and summarised in Table 6-3. 

                        Table 6-2: MSF operational plant parameters. 
Parameter ymbol Value Unit 

Capacity  D 316 kg/s 
  6 MIGD 
Number of heat gain sections (HGS) n 23  
Number of heat rejection stages (HRS) j 3  
Qatar environment temperature  Ta 47 oC 
Top Brine Temperature (Darwish et al., 1997) To 90.56 oC 
Temperature of reject brine (Darwish et al., 1997) Tn 40.5 oC 
Temperature of motive steam (El-Dessouky et al., 1998)  Ts 100.5 oC 
Latent heat at 100 oC  ƛs 2,257 kJ/kg 

Temperature of Intake Seawater (rejection section) (Darwish et al., 1997) tc 32.2 oC 
Salinity of intake water  Xf 42,000 ppm 
Concentration of brine  Xb 70,000 ppm 
Specific heat capacity of seawater  C 4.18 kJ/kg/C 
Brine heater recirculation steam temperature (Darwish et al., 1997) t1 84 oC 
Latent heat of steam in ejector  ƛe 1889 kJ/kg 
Latent heat (Average Temp) (Darwish et al., 1997) ƛ 2330 kJ/kg 
Efficiency of brine heater ηs 0.9  
Pump efficiency (Darwish et al., 1997) ηp 0.75  
Pressure drop at recirculating stream (Darwish et al., 1997)  73 m 
Pressure drop at cooling water through HRS (Darwish et al., 1997)  25 m 
Pressure drop distillate (Darwish et al., 1997)  57 m 
Pressure drop at blow down pump (Darwish et al., 1997)  23 m 
Pressure drop at condensate pump (Darwish et al., 1997)  16 m 
 

Pumping requirement: 

𝑤𝑤𝑝𝑝  =   
(𝑊𝑊𝑝𝑝_𝑟𝑟 + 𝑊𝑊𝑝𝑝_𝑙𝑙𝐶𝐶 +  𝑊𝑊𝑝𝑝_𝑏𝑏 +  𝑊𝑊𝑝𝑝_𝑖𝑖)

𝐷𝐷
=
𝑊𝑊𝑝𝑝

𝐷𝐷
 (6-14) 

Where 𝑤𝑤𝑝𝑝 is the total specific mechanical energy required 𝑊𝑊𝑝𝑝_𝑟𝑟 ,𝑊𝑊𝑝𝑝_𝑙𝑙𝐶𝐶 ,𝑊𝑊𝑝𝑝_𝑏𝑏 ,𝑊𝑊𝑝𝑝_𝑖𝑖 is 

the work done by the recirculation, cooling water, brine blow down, distillate pumps 

respectively (W). 

  93 



Water Sub-System LCI Model Development   

The pumping requirements are calculated using the following (Darwish et al., 1997): 

𝑊𝑊𝑝𝑝 =  
𝑎𝑎𝑖𝑖  × ∆𝑎𝑎
𝜂𝜂𝑝𝑝

 (6-15) 

Where 𝑊𝑊𝑝𝑝 is the total pump work (W), 𝑎𝑎𝑖𝑖 is the volumetric flow rate (m3/s), ∆𝑃𝑃 is the 

pressure difference (kPa) and 𝜂𝜂𝑝𝑝 is the pump efficiency.  

Calculation of volumetric flow rates (𝑎𝑎𝑖𝑖): 

Volumetric flow rates of streams are calculated by dividing mass flow rates (kg/s) by 

the specific volume (~1/1000 m3/kg).  

Recirculation flow rate ( 𝑎𝑎𝑅𝑅): 

𝑅𝑅
𝐷𝐷

=  
1
2

+  
𝑎𝑎

𝐶𝐶(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑖𝑖) = 12.14 

            𝑎𝑎𝑅𝑅 = 3.834 𝑚𝑚3/𝑠𝑠  

Where 𝑇𝑇𝑏𝑏 and 𝑇𝑇𝑖𝑖 are specified in Table 6-2. 

Cooling water flow rate (𝑎𝑎𝑙𝑙𝐶𝐶):  

Cooling seawater is supplied to three heat rejection stages which enters at 𝑒𝑒𝑙𝑙 and 

leaves at 𝑇𝑇𝑖𝑖 (Darwish et al., 1997): 

𝑅𝑅
𝑀𝑀𝑙𝑙𝐶𝐶

=
𝑒𝑒(𝑇𝑇𝑖𝑖 − 𝑒𝑒𝑙𝑙)
𝑗𝑗(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑖𝑖)

 (6-16) 

     𝑎𝑎𝑙𝑙𝐶𝐶 = 3.0.167 𝑚𝑚3/𝑠𝑠  

Where 𝑗𝑗 is the number of stages in the HRS and 𝑒𝑒 is the number of stages in the HGS. 

Assuming that make- up water flow rate 𝑀𝑀𝑓𝑓 = 3𝐷𝐷, Brine blow down (𝑎𝑎𝑏𝑏): 

          𝑀𝑀𝑏𝑏 = 𝑀𝑀𝑓𝑓 − 𝐷𝐷 (6-17) 

 𝑎𝑎𝑏𝑏 = 2𝐷𝐷 = 632 𝑚𝑚3/𝑠𝑠 
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Note: additional pumping power for the steam condensate and ejector is considered as         

5 % of the total calculated pumping requirement.  

                   Table 6-3: Key results from MSF sub-system. 
Parameter Symbol Value Unit 

Capacity  D 316 kg/s 
Gains ratio GR 7.1  
Total specific thermal energy qth 345 kJ/kg 
Total specific pumping power wp 16.85 kJ/kg 
  4.86 kWh/m3 
Total specific energy requirement  qt 340 kJ/kg 

 

The thermal energy required to drive the MSF process, can be supplied through: 

• Single Purpose Desalting Plant (SPDP): This arrangement involves 

supplying the steam required to drive the MSF process directly from a fuel 

fired boiler. 

• Cogeneration Power Desalting Plant (CPDP): This configuration is 

comprised of a power and water production facility. The steam required to 

drive the MSF process is extracted from a steam turbine. 

SPDP and CPDP are discussed in Chapter 7 as part of the energy sub-system 
LCI modelling.  
 

6.2 Mechanical Desalination Processes: Reverse Osmosis  

Osmosis is a natural process involving fluid flow across a semipermeable membrane 

barrier. Solvents pass through the membrane faster than dissolved solids therefore 

resulting in a solvent – solid separation. If a soluble salt is added to water on one side 

of side of a semi-permeable membrane, its chemical potential is reduced. Osmotic 

flow from the pure water side across the membrane to the salt solution side will occur 

until equilibrium is reached where the hydrostatic pressure difference (∆𝑎𝑎) resulting 

from the volume changes on both sides is equal to the osmotic pressure (𝜋𝜋). 

Application of an external pressure to the salt solution side equal to the osmotic 

pressure (proportional to the total dissolved solids in the intake water) will also yield 

equilibrium. Reverse osmosis (RO) is when there is an application of a pressure larger 

than the osmotic pressure as illustrated in Figure 6-3. In this case, the chemical 
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of the useful permeate product that has become available as a result of the 

desalination process (equation (6-19). As the recovery ratio increases, the salt 

concentration of the feed-brine side increases resulting in an increased salt flow 

across the membrane.  

𝑅𝑅𝑝𝑝 =  
𝑀𝑀𝑝𝑝

𝑀𝑀𝑓𝑓
=  

𝑀𝑀𝑝𝑝

𝑀𝑀𝑝𝑝 +  𝑀𝑀𝑏𝑏
 =  

�𝑋𝑋𝑏𝑏 −  𝑋𝑋𝑓𝑓�
�𝑋𝑋𝑏𝑏 − 𝑋𝑋𝑝𝑝�

 (6-19) 

Where 𝑅𝑅𝑝𝑝 is the product recovery rate (%), 𝑀𝑀𝑝𝑝 is the permeate water flow rate, 𝑀𝑀𝑓𝑓 is 

the feed water flow rate (m3/day), 𝑀𝑀𝑏𝑏 is the brine (concentrate) flow rate (m3/day) 

and 𝑋𝑋 is the concentration of the liquid stream (ppm).  

Average Feed Salinity (AFS): 

The AFS is used to determine the performance of the membrane element. It is a 

representative value of the feed concentration of the intake seawater throughout the 

process because it considers salinity increases from intake to discharge of the stream.  

𝐴𝐴𝐹𝐹𝑆𝑆 = 0.5 𝑋𝑋𝑓𝑓 �1 + 1
1−𝑅𝑅𝑝𝑝

�  (6-20) 

Where 𝐴𝐴𝐹𝐹𝑆𝑆 is the average feed salinity (ppm).  

Average Permeate Flux (APF): 

The APF quantifies the permeate flow as a fraction of the total membrane area 

installed in the RO unit.  

𝐴𝐴𝑃𝑃𝐹𝐹 =  
𝑀𝑀𝑝𝑝

(𝐸𝐸𝑎𝑎𝑖𝑖 × 𝐴𝐴𝑎𝑎) (6-21) 

Where 𝑀𝑀𝑝𝑝 is the permeate flow rate (m3/day), 𝐸𝐸𝑎𝑎𝑖𝑖 is the number of elements in the 

systems, 𝐴𝐴𝑎𝑎 is the membrane area per element (m2).  

Specific Permeability of Membrane (SF): 

The specific permeability also known as the specific flux is a property of the 

membrane and depends on the resistance of the membrane to water flow. It 

characterises the membrane material in terms of water flux rate driven by the gradient 

of the applied net driving pressure (NDP).  

  99 



Water Sub-System LCI Model Development   

𝑆𝑆𝐹𝐹 =  
𝐴𝐴𝑃𝑃𝐹𝐹
𝑁𝑁𝐷𝐷𝑃𝑃

 (6-22) 

Where 𝑆𝑆𝐹𝐹 is the specific flux (l/m2/h-bar).   

Net driving pressure: 

The NDP is the force that drives the water through the semipermeable membrane and 

decreases with time. A higher salt concentration increases the osmotic pressure, 

therefore reducing (∆P −  ∆π), the net driving pressure (NDP) available and 

consequently the product flow rate. The energy requirement is calculated using the 

(NDP) and is  defined as the fraction of the applied pressure in excess of the average 

osmotic pressure of the feed and any pressure losses within the system.  

𝑁𝑁𝐷𝐷𝑃𝑃 = 𝑃𝑃𝑓𝑓 − 𝑃𝑃𝐴𝐴𝑂𝑂𝐴𝐴 − 𝑃𝑃𝑝𝑝 − 0.5𝑃𝑃𝑖𝑖 + 𝑃𝑃𝑏𝑏𝑔𝑔𝑝𝑝 (6-23) 

Where 𝑃𝑃𝑓𝑓 is the feed pressure, 𝑃𝑃𝑝𝑝 is the permeate pressure, 𝑃𝑃𝑖𝑖 is the pressure drop 

across RO elements, 𝑃𝑃𝐴𝐴𝑂𝑂𝐴𝐴 is the average feed osmotic pressure and 𝑃𝑃𝑏𝑏𝑔𝑔𝑝𝑝 is the 

osmotic pressure of the permeate (distillate) (bar). 

A decrease in the applied pressure will decrease permeate flow rate and consequently 

decrease the dilution of salt on the permeate side of the membrane, hence increasing 

the salt passage. The objective of RO sub-system is to calculate the specific energy 

consumption  of an RO process (SECRO) for intake seawater with varying salinity. The 

method adopted in research is that of a simple one stage pass RO system using a 

SWC4+ membrane illustrated in Table 6-4. 

There are two important points to consider in RO systems that are necessary for the 

analysis (Wilf et al., 2007): 

(i) Rate of water through a membrane is proportional to the NDP differential across 

the membrane. 

(ii) Rate of salt flow is proportional to the concentration differential across the 

membrane and is independent of the applied pressure.  
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 Table 6-4: Characteristics of membrane use in RO process. 

Membrane SWC4+ 
Membrane Test Conditions 

Parameter Value  Unit  
Salt rejection 0.998   
Permeate flow 24.6 m3/d 
Test pressure 55.2 bar 
Number of elements 1   
Number of vessels 140   
Element area 36.8 m2 
Pressure drop 0.2 bar 
Permeate pressure 0.1 bar 
Feed salinity 32,000 ppm 
Recovery Rate 0.1   
Average permeate flux 27.85326 l/m2/hr 
Average feed salinity 33777.78 ppm 
Average osmotic pressure 26.00889 bar 
Nominal NDP 28.99111 bar 
Specific Permeability 0.960752 l/m2/h/bar 

 

Thus the calculation procedure utilises the NDP relationship to calculate the permeate 

flow and determines the permeate salinity using the salinity gradient between feed 

and permeate. The model has not considered the phenomenon of concentration of 

polarisation which is related to the build-up of rejected salts on the surface of the 

membrane. In practical situations, seawater systems with a high salinity of feed water 

can be affected by this phenomenon.  

Once the feed pressure has been estimated, the feed pump power consumption can be 

estimated (Darwish and Al-Najem, 2000): 

𝑊𝑊𝑅𝑅𝑂𝑂 =  𝑀𝑀𝑓𝑓 �
𝑃𝑃𝑓𝑓

𝜂𝜂𝑝𝑝𝜂𝜂𝑎𝑎
� (6-24) 

Where 𝑊𝑊𝑅𝑅𝑂𝑂 is feed power consumption (W), 𝑀𝑀𝑓𝑓 is the feed water flow rate (m3/s), 𝜂𝜂𝑝𝑝 

is the efficiency of the pump, 𝜂𝜂𝑎𝑎 is the efficiency of the motor and 𝑃𝑃𝑓𝑓 is the feed 

pressure required (bar). 
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Darwish and Al-Najem (2000) considered an extra 20 % energy consumption to 

account for seawater supply, seawater boost and chemical dosing pumps. 

Furthermore, a Pelton wheel energy recovery device with a 65 % efficiency is 

integrated. The discharge of effluents occur at atmospheric pressure implying that 

within desalination plants, effluents reach discharge point through gravity.  

𝐸𝐸𝑅𝑅 =  𝑀𝑀𝑏𝑏  ×  𝑃𝑃𝑏𝑏  ×  𝜂𝜂𝑎𝑎 (6-25) 

Where 𝐸𝐸𝑅𝑅 is the recovered energy from brine (W), 𝑀𝑀𝑏𝑏 is the brine flow rate (m3/s), 𝑃𝑃𝑏𝑏 

is the brine osmotic pressure (bar), 𝜂𝜂𝑎𝑎 is the efficiency of the turbine. 

                     Table 6-5: Reverse osmosis model outputs. 
Parameter Output Unit  

Feed seawater concentration 42,000 ppm 
Recovery ratio 0.4  
Feed osmotic pressure  50.8  bar 
Permeate concentration  152 ppm 
Permeate osmotic pressure  0.13 bar 
SECRO  5.5  kWh/m3 

 

 

6.3 The Arabian Gulf 

The desalination of seawater is considered an energy intensive process in which the 

resultant brine concentrate is rejected back to the sea containing not only its initial 

constituents, but also the additives required for the pre-treatment and desalting 

process as well as corrosion by-products. As such, there are numerous environmental 

impacts associated with desalination (Darwish et al., 2013; Hoepner and Lattemann, 

2003): 

• entrainment and impingement of marine organisms at the seawater intake; 

• negative impacts of the brine discharge with its chemical contaminants to 

sensitive marine habitats; 

• impacts on biological resources and habitats; 

• the cumulative impact of the numerous desalination plants on the Arabian 

Gulf.  
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The proceeding text will evaluate the environmental burden of desalination processes 

on the Arabian Gulf. The Arabian Gulf is a shallow semi enclosed marginal sea with 

one of the highest recorded salinities in the world. It covers an area of about 240,000 

km2, has a mean depth of 35 m and is 1,000 km in length with widths that range from 

185 km to 370 km. It is connected to the Gulf of Oman via the narrow Strait of 

Hormuz with fresh water inflows from the Tigris, the Euphrates and the Karun at the 

Delta of Shatt al Arab estimated at 0.2 m/year. The mean evaporation rate is 

estimated approximately at 1.5 - 2 m/year (Michael Reynolds, 1993). It is important 

to note that there is variation with respect to the characteristics of the Arabian Gulf 

summarised above. More than 50 % of the world’s desalination capacity is situated 

in the Arabian Gulf.  

Pre-treatment is necessary in order to decrease the turbidity (suspended solids), and 

the quantity of organic and inorganic foulants acceptable for desalination equipment, 

whilst producing high quality potable water (Darwish et al., 2013b).  The types and 

amounts of the chemicals used depend on the chosen technology (mechanical or 

thermal) and the required quality of the final distillate product. In membrane 

processes, pre-treatment is extensive as it involves filtration to remove suspended 

solids (particles, silt, organics, algae etc.) in addition to oil and grease contained in 

the salt water. In thermal processes such as MSF, pre-treatment protects downstream 

piping and equipment from corrosion and from formation of excessive scale hard 

deposits on piping surfaces (known as scaling) (Darwish et al., 2013). Considering 

RO, the membranes are not tolerant to direct operation with open seawater without 

pre-treatment. Conventional pre-treatment technology relies on a combination of 

chemical treatment and media filtration to achieve the required feed water quality for 

the membranes (Lattemann et al., 2008; Darwish et al., 2013): 

• Biofouling: residual chlorine neutralisation is used before the water enters the 

RO units to avoid membrane damage since the RO membranes are typically 

made of polyamide materials, which are sensitive to oxidising chemicals such 

as chlorine. Sodium bisulfite (NaHSO3) is used for dechlorination.  

• Coagulation/media filtration: it is necessary to remove suspended materials 

from the RO feed stream since they can cause irreversible damage to the 

membranes. For granular media filtration, the dosing of a coagulant is 
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required. Coagulants such as FeCl3 or AlCl3 are metal salts which form dense 

suspended solids as they react with hydroxides in aqueous solutions.  

• Anti-scaling: control of scaling is achieved by means of acid addition, usually 

H2SO4 or HCl, used to lower the pH (6-7). 

• Cartridge filters: feed water is passed through a 5 μm cartridge filter before 

entering the RO units in order to remove any remaining traces of suspended 

solids and microorganisms.  

 

6.4 Desalination Impact on Arabian Gulf Coast  

Different treatments applied to the intake water of desalination facilities results in the 

addition of various chemicals which appear in the reject concentrate. The subsequent 

impact is an increase in aquatic eco-toxicity and mortality of flora and fauna 

(Sánchez-Lizaso et al., 2008; Gacia et al., 2007). The composition of brine is a 

function of the feed water, pre-treatment and the desalination process, containing 

residuals of anti-fouling, anti-scaling and chemical additives, metal ions, concentrated 

constituents such as Na+, Cl- and other contaminants such as boron. Therefore, it is 

important to consider the chemical composition of the brine discharged into the sea in 

addition to its thermal characteristics and salt concentration in order to fully 

characterise the environmental impact from desalination processes.  

 

 Integration of Brine Effluence in LCA 6.4.1

In addition to the baseline LCA impact categories, the local environmental impact 

from brine discharge on the Arabian Gulf is integrated into the EWF Nexus model 

developed in this research. The available literature on this subject is limited. This is 

because the complexity and variation in the discharged brine composition is very 

significant and the required data acquisition to support the assessment is challenging 

(Zhou et al., 2012). The absence of a standard method of evaluating the impact of 

brine discharge on the marine eco-system is related to the difficulty in translating salt 

ion discharge into an eco-toxic impact. Published work in this field includes an LCA 

for brine disposal methods by Meneses et al. (2010), although it did not consider the 

impact of salinity. Other studies have assumed that prior to discharge, the 
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concentrated brine is diluted to a level that would pose insignificant impact to the 

marine eco-system (Höpner and Lattemann, 2003; Lattemann and Höpner, 2008).  

The methodology developed by Zhou et al. (2012) favours a low data approach for 

assessing the eco-toxic potential (ETP). The approach integrates the high data 

demand chemical by chemical approach with the less data intensive but less accurate 

whole effluent approach in what is known as the group by group approach. The 

influential chemicals constituted within the brine are categorised into: (1) inorganic 

chemicals, (2) metals and (3) organic chemicals. The group by group approach 

calculates the average aquatic ETP impact as the sum of the impacts generated by the 

three groups.  

𝐴𝐴𝑎𝑎𝐴𝐴𝑎𝑎𝑒𝑒𝑖𝑖𝐴𝐴 𝐸𝐸𝑇𝑇𝑃𝑃 𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑖𝑖𝑒𝑒𝑒𝑒 𝑑𝑑𝑖𝑖𝑠𝑠𝑎𝑎𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 = �𝑚𝑚𝑔𝑔𝑟𝑟𝑏𝑏𝑔𝑔𝑝𝑝𝑗𝑗 ×𝐶𝐶𝐹𝐹𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑎𝑎𝑖𝑖𝑙𝑙 𝐸𝐸𝑇𝑇𝐴𝐴
𝑔𝑔𝑟𝑟𝑏𝑏𝑔𝑔𝑝𝑝𝑗𝑗 (6-26) 

Where 𝑚𝑚(𝑔𝑔𝑟𝑟𝑏𝑏𝑔𝑔𝑝𝑝𝑗𝑗) is the mass of the acknowledged group 𝑗𝑗 and  𝐶𝐶𝐹𝐹𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑎𝑎𝑖𝑖𝑙𝑙 𝐸𝐸𝑇𝑇𝐴𝐴
(𝑔𝑔𝑟𝑟𝑏𝑏𝑔𝑔𝑝𝑝𝑗𝑗) 

represents the aquatic eco-toxic characterization factor for group 𝑗𝑗. 

According to the group by group approach, influential chemicals are identified if they 

adhere to one of two principles. The first is related to chemicals with concentrations 

higher than what is deemed acceptable by regulation or with concentrations much 

higher than the concentrations of the remaining constituents within the brine 

solutions. For instance, the concentration of salt ions is four orders of magnitude 

larger than the remaining constituents. The second principle is related to the 

chemicals with characterisation factors much higher than those of the remaining 

constituents of the brine solution. For instance, nickel which is a product of corrosion 

is considered an influential chemical because although its concentration is low, its 

characterisation factor (potential to cause an eco-toxic impact) is relatively high.  

The three identified groups of chemicals can be further categorised into sub groups 

depending on chemical composition and availability of characterisation factors. In 

this regard, different strategies have been deployed to determine the group-specific 

characterisation factor. For the metal category, the chemical specific approach is 

utilised. This is because the number of influential chemical is such that they can all be 

included in the analysis with their respective characterisation factors which are 

documented in the USEtox database. Deploying the chemical specific approach is 
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difficult due to the complex nature of the organic chemicals. Therefore, using the 

principles discussed above, influential chemicals are considered representative 

organic chemicals for the organic group. The characterisation factor can be calculated 

for the chemicals which do not have a recorded characterisation factor in the USEtox 

database or elsewhere: 

𝐶𝐶𝐹𝐹𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑎𝑎𝑖𝑖𝑙𝑙 𝐸𝐸𝑇𝑇𝐴𝐴(𝑖𝑖) =  𝐹𝐹𝐹𝐹𝑖𝑖  ×  𝑋𝑋𝐹𝐹𝑖𝑖  × 𝐸𝐸𝐹𝐹𝑖𝑖 (6-27) 

Where 𝐶𝐶𝐹𝐹𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑎𝑎𝑖𝑖𝑙𝑙 𝐸𝐸𝑇𝑇𝐴𝐴(𝑖𝑖) is the aquatic eco-toxic characterisation factor representing 

aquatic eco-toxicological impact of individual chemical 𝐼𝐼, where the impact is 

quantified as the potentially affected fraction (PAF) of species (PAFm3day/kg), 𝐹𝐹𝐹𝐹𝑖𝑖  is 

the fate factor, calculated as persistence time of chemical (𝑖𝑖) stating in the aqueous 

phase (Day), 𝑋𝑋𝐹𝐹𝑖𝑖 is the exposure factor, representing the bioavailability of the 

chemical (𝑖𝑖) for aquatic organisms. 𝐸𝐸𝐹𝐹𝑖𝑖 is the effect factor, expressing the ability of a 

chemical (𝑖𝑖) to cause toxic effects to the exposed aquatic eco-systems (PAFm3/kg). 

With regard to the inorganic category, the whole effluent approach is utilised to 

estimate the characterisation factor. In the absence of reliable information regarding 

fate and exposure models for the inorganic chemicals, the worst case scenario 

strategy is utilised. In this approach, the effluent is not characterised into individual 

constituents, where only a measure of the combined effect from the complex effluent 

is considered.  

𝐴𝐴𝑎𝑎𝐴𝐴𝑎𝑎𝑒𝑒𝑖𝑖𝐴𝐴 𝐸𝐸𝑇𝑇𝑃𝑃 𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑖𝑖𝑒𝑒𝑒𝑒 𝑑𝑑𝑖𝑖𝑠𝑠𝑎𝑎𝑜𝑜𝑠𝑠𝑎𝑎𝑎𝑎 = �𝑚𝑚𝑙𝑙𝑓𝑓𝑓𝑓 × 𝐶𝐶𝐹𝐹𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑎𝑎𝑖𝑖𝑙𝑙 𝐸𝐸𝑇𝑇𝐴𝐴
𝑙𝑙𝑓𝑓𝑓𝑓 (6-28) 

Where 𝑚𝑚𝑙𝑙𝑓𝑓𝑓𝑓 is the mass of the entire effluent, 𝐶𝐶𝐹𝐹𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑎𝑎𝑖𝑖𝑙𝑙 𝐸𝐸𝑇𝑇𝐴𝐴
𝑙𝑙𝑓𝑓𝑓𝑓 represents the aquatic 

eco-toxic characterization factor for the complex mixture.   

In the worst case scenario,  𝐹𝐹𝐹𝐹𝑖𝑖 is calculated by virtue of determining the residence 

time of the most prevalent chemical within the group 𝑀𝑀𝐴𝐴𝑋𝑋(𝐹𝐹𝐹𝐹𝑖𝑖). In the disposal of 

brine, all chemicals are considered to be in a totally dissolved form where 𝑋𝑋𝐹𝐹𝑙𝑙𝑓𝑓𝑓𝑓 =

 𝑀𝑀𝐴𝐴𝑋𝑋(𝑋𝑋𝐹𝐹𝑖𝑖) = 1.Therefore equation(6-27) can be expressed as: 

𝐶𝐶𝐹𝐹𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑎𝑎𝑖𝑖𝑙𝑙 𝐸𝐸𝑇𝑇𝐴𝐴
𝑙𝑙𝑓𝑓𝑓𝑓 =  𝑀𝑀𝑎𝑎𝑀𝑀(𝐹𝐹𝐹𝐹𝑖𝑖)  ×  1 × 𝐸𝐸𝐹𝐹𝑖𝑖 (6-29) 
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6.5 Wider Impact on Arabian Gulf 

With respect to the regional impact from desalination processes, there is uncertainty 

regarding the effect that brine discharge has on the overall salinity of the Arabian 

Gulf. With increasing population in the countries surrounding the Arabian Gulf 

coupled with rapid development, it is necessary to consider all relevant data and 

models in understanding the evolution of salinity. Available literature can be 

categorised into practical measurements and observations, modelling and simulations 

and database reviews. However, the predictive capability regarding this issue is 

limited. The objective of this study is to consider current developments in this field 

as part of the EWF Nexus analysis such as the advection-diffusion simulation model 

discussed later. 

The Arabian Gulf due to its geographic, political importance and its physical 

uniqueness has produced vast quantities of literature and lengthy debates. The aim of 

this part of the research is to provide outline of relevant processes rather than delve 

into intricate details. 

Arabian Gulf Oceanography 

The oceanography of the Arabian Gulf in broad terms is governed by the following 

processes: 

• climatological processes; precipitation, evaporation, seasonal variation,  

• freshwater sources; rivers and groundwater discharge,  

• oceanographic circulation; water exchange with the Strait of Hormuz, 

• wastewater and water run-off from storm events,  

• desalination processes; fresh water removal and brine discharge. 

Climatological processes  

The Arabian Gulf is exposed to an arid, sub-tropical climate and is located in a region 

(24-30 oN) that encompasses most of the Earth’s deserts (Reynolds, 2002; Kämpf and 

Sadrinasab, 2006).  It is important to note that the climates in the Arabian Gulf and in 

the Sea of Oman are different where the Strait of Hormuz approximates a boundary 

between the two systems. The Arabian Gulf is primarily affected by the extra-tropical 

weather systems from the northwest. On the other hand, the Sea of Oman is at the 
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northern edge of the tropical weather systems in the Arabian Gulf and the Indian 

Ocean. A monsoon circulation produces southerly winds in the summer and strong 

northerly winds in the winter (Michael Reynolds, 1993). Furthermore, the Shamal 

winds originating from the North West are considered to have significant influence on 

weather systems within the region in both summer and winter. 

Typical surface temperatures within the Arabian Gulf during summer are 

approximately 33 oC with little spatial variations.  In winter, the surface temperature 

is approximately 22 oC near the Strait of Hormuz, decreasing north-westwards to 

about 16 oC near the head of the gulf (Chao et al., 1992).  Available literature offers 

varying evaporation rates. The model developed by Kämpf and Sadrinasab (2006) 

calculates the annual-mean surface averaged evaporation rate of 1.8 m/y. Reported 

evaporations in literature can range from 1.4 m/year. to 2 m/year (Privett, 1959, 

Brewer and Dyearssen, 1985, Ahmad and Sultan, 1991, Michael Reynolds, 1993). 

The annual precipitation is estimated at a mere 7 cm/year, considered negligible in 

terms of overall water budget, i.e. water inflows and outflows (Reynolds, 2002).   

Freshwater Flux  

Most of the fresh water enters the Arabian Gulf from the North.  The primary source 

in which this outflow occurs is the Shatt Al-Arab river which is comprised of the 

Tigris, Euphrates and Karun rivers with a total outflow of 1,456 m3/s. Additional 

influx of fresh water into the basin comes from Henijan (203 m3/s), Hileh (444 m3/s), 

Mand (1,387 m3/s) rivers. Therefore, the combined river run off into the Arabian Gulf 

is approximately 44-48 km3/year (Wright, 1974; Purnama et al., 2005).  

Oceanographic circulation  

The nature of the water exchange with the Indian Ocean depends on the contrast 

between processes affecting water properties in the shallow Arabian Gulf and in the 

deeper and unconfined Gulf of Oman. The narrow Strait of Hormuz which connects 

the Arabian Gulf to the western side of the Gulf Oman restricts water exchange and 

isolates the Gulf from the Indian Ocean, which unlike the Arabian Gulf is a well-

mixed body of water (Swift and Bower, 2003). 

Due to the shallow nature of the Arabian Gulf, water transport is highly influenced by 

forces related to tides and winds in addition to the motion that is driven by density 
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differences (Michael Reynolds, 1993; Johns et al., 1999). Furthermore, the extent to 

which these forces impact internal circulation are location and season specific (Johns 

et al., 1999; Chao et al., 1992).  The circulation features of the Arabian Gulf can be 

underscored considering that the Arabian Gulf can be separated into distinct northern 

and southern regions.  

 

Figure 6-6: Schematic depicting circulation within Arabian Gulf (Michael Reynolds, 1993). 

Considering that residual circulation is defined as the part of large-scale ocean 

circulation that is driven by density gradients, heat and fresh water fluxes, also known 

as Thermohaline forces (Johns et al., 1999), it can be concluded that the complex 

residual circulation that occurs in the Arabian Gulf is attributed to (Michael 

Reynolds, 1993):  

(1) high and low salinity water exchange in the Strait of Hormuz. 

(2) Density dominated circulation in the central and southern regions. 

(3) Frictional balanced, wind dominated circulation in the northwest region. 

(4) Evaporation-induced bottom flow.  

The salinity of the Arabian Gulf is higher than those of open waters because of the 

high evaporation rates. High evaporation increases the density of the surface water so 

that it sinks to exit as a high-salinity undercurrent through the deeper portion of the 

Strait of Hormuz. The freshwater loss is compensated by the less saline water inflow 

from the northern part of the Strait of Hormuz relating to the water exchange with the 

Sea of Oman. The circulation of a shallow inflow of less saline water from the Sea of 
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Oman and a deep outflow of dense, hyper saline water through the Strait of Hormuz 

is known as inverse estuarine circulation (Michael Reynolds, 1993).  

Hassanzadeh et al. (2012) conducted a three dimensional numerical modelling study 

of the water exchange between the Arabian Gulf and the Sea of Oman through the 

Strait of Hormuz. The model is used to study the inflow/outflow variability through 

the Strait. Kämpf and Sadrinasab (2006) considered through a coupled hydro-

dynamical–ecological model (COHERENS), the density and wind driven water 

circulation characteristics of the Arabian Gulf. The model results are in agreement 

with observed expected values and suggests that the Arabian Gulf experiences 

distinct seasonal cycles (Swift and Bower, 2003; Johns et al., 2003) 

 

Figure 6-7: Illustration depicting Salinity (PSU) distribution during summer and winter 
months (modified from Kämpf and Sadrinasab, 2006). 

The highest surface salinity locations recorded within the Arabian Gulf are in the 

north western and south western regions (Kämpf and Sadrinasab, 2006). The most 

notable are the shallow waters around the Kingdom of Bahrain, United Arab Emirates 

(UAE) and the State of Qatar which exceed 40 ppt (Brewer and Dyearssen, 1985; 

Michael Reynolds, 1993) while salinity levels of 57 ppt have also been recorded 

(Johns et al., 1999). The shallow bays west of Qatar are specifically identified as 

areas of extremely high salinity (Sugden, 1963). The lowest surface salinity recorded 

is in the west of the Strait of Hormuz (along the coast of Iran) (Swift and Bower, 

2003, Michael Reynolds, 1993). High baseline salinity levels are considered to be the 

result of high evaporation rates and restricted exchange with adjacent water bodies, 

primarily the Strait of Hormuz (ROPME, 2010).  

Strait of Hormuz 

Southern shallows Sea of Oman 
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Although there is no clear synopsis as to the reasons behind seasonal variations in 

salinity, several authors have discussed the phenomenon. Suggestions include the 

possibility of increased flow of low saline water from the sea of Oman (Indian Ocean) 

during the spring months. Further insight has been offered by; Chao et al. (1992) who 

regarded that Arabian Gulf salinity varies in-conjunction with the strength of the 

seasonal north-westerly winds which in turn have an influence on fresh water sea 

water intrusion. Emery (1956) attributed salinity variations to seasonal changes in 

evaporation rates. Kämpf and Sadrinasab (2006), whilst negating previous hypothesis 

regarding this issue, state that seasonal variations in salinity are associated with the 

formation of dense bottom water in the Southern Shallows in autumn and winter 

(appearing in the Strait in late winter and spring) in conjunction with the 

establishment of thermal stratification in spring. The formation of dense bottom water 

is due to surface cooling of extremely saline waters. 

Seawater desalination  

The Arabian Gulf is considered the “hot spot” for intensive desalination activity. The 

total desalination capacity of the Arabian Gulf is approximately 45 % of the world 

output estimated at 4 km3/year (Lattemann and Höpner, 2008). It is expected that by 

2030, the combined desalination capacity of the countries within the Arabian Gulf 

will increase to 9 km3/year (Dawoud, 2012). One methodology for estimating the 

impact of brine on coastal environments and marine life has been described here 

(Section 6.4). There is however, a much larger endeavour to understand the impact of 

desalination processes on the overall salinity profile of the Arabian Gulf.  

Arabian Gulf Oceanographic Surveys 

Oceanographic and marine surveys on the Arabian Gulf have been carried out since 

the early 1900’s. For instance, Schott (1907) explored the eastern region of the 

Arabian Gulf. The surveys conducted during the period between 1923 and 1996 were  

consolidated by Alessi et al. (1999) who compiled 1597 temperature and salinity (T-

S) profiles. In this study, the Arabian Gulf was subdivided into 9 square zones in 

which temperature after which temperature- salinity (T-S) diagrams were constructed 

for each zone enabling seasonal analysis.  

The data set compiled includes the findings of the Mt. Mitchell expedition which is 

comprised of 500 conductivity, temperature and depth (CTD) casts taken in the 
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Arabian Gulf, Strait of Hormuz and the Sea of Oman over a period of three months 

(Michael Reynolds, 1993). However, there is a clear lack of data in the regions 

around Qatar and the UAE as shown in Figure 6-8. This is likely due to the fact that 

ocean vessels cannot operate in the shallow waters (Michael Reynolds, 1993). 

. 

 

 

 

 

 

 

Figure 6-8: Map of collated observations within Arabian Gulf (Alessi et al., 1999). 

The most recent hydrographic investigation in the Arabian Gulf was conducted by the 

Regional Organisation for Protection of Marine Environment (ROPME).  The study 

involved developing temperature and salinity profiles for different “transients” within 

the Arabian Gulf during the winter period. The study confirms the spatial variation of 

salinity in the Arabian Gulf and that salinity decreases from the northern part of the 

Gulf towards the sea of Oman in agreement with pervious historical studies. In this 

regard, the densest water is situated in the northern Arabian Gulf and in the shallow 

waters off the coast of the UAE and Bahrain (ROPME, 2010). In the ROPME study, 

measured data is compared with previous surveys. Temperature and salinity profiles 

were evaluated against historical profiles from Alessi et al. (1999) and lateral salinity, 

temperature and density data sets from (Kämpf and Sadrinasab, 2006). As the 

ROPME study was conducted in winter, the measured data was evaluated against 

winter historic T-S profiles compiled by Alessi et al. (1999).  The main outcomes of 

this comparison can be summarised as follows:  
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• Regarding the northern region of the Arabian Gulf at the discharge point of 

the Shatt Al-Arab river; the historical data sets vary between 37 – 41.5 psu 

while the ROPME measurements are in a similar range.   

• Influx of fresh water from the sea of Oman has an overall effect in reducing 

salinity within the Arabian Gulf.  

• The historical salinity in the Strait of Hormuz region which connects the 

Arabian Gulf to the sea of Oman varies between 36.5 – 41 psu, while the 

ROPME measured data shows the salinity to vary between 36 – 40.7 psu and 

decreases as proximity to the sea of Oman increases.  

• Salinity increases from the Sea of Oman towards the eastern part of the Gulf.  

• There is strong agreement between the numerical model developed by Kämpf 

and Sadrinasab (2006) and historic T-S profiles. 

6.6 Salinity Simulation Models 

The mathematical model developed by Purnama et al. (2005) and reinforced in 

several later publications such as in Al Barwani and Purnama (2008), is one example 

of how the evolution salinity in the Arabian Gulf can be analysed. The authors justify 

the use of this model as a means to overcome sophisticated numerical models which 

require many input parameters and powerful computer processing requirements. It is 

based on a 1D advection - diffusion transport mixing model.  

The Arabian Gulf is modelled as a semi-enclosed sea with simple depth topography 

and is used to calculate the salinity increase from one or more desalination plants 

along a longitudinal axis (x) from the Shatt Al-Arab (at the head of the Arabian Gulf). 

Figure 6-9 illustrates the Arabian Gulf in the form of a semi-enclosed sea with simple 

depth topography with a square-root increasing width and uniformly descending 

depth of parabolic cross-sections, joining to the open sea at 𝑀𝑀 = 𝑎𝑎. The width and the 

height are expressed as 𝑇𝑇𝐿𝐿(𝑀𝑀) =  (3𝑇𝑇𝐿𝐿/2)�𝑀𝑀/𝑎𝑎 and 𝐻𝐻𝐿𝐿(𝑀𝑀) =  (2𝐻𝐻𝐿𝐿)𝑀𝑀/𝑎𝑎 

respectively. 
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Figure 6-9: Channel geometry of a semi-enclosed sea (Purnama et al., 2005). 

The equation of mass flux of water is a balance between the incoming current (𝑈𝑈) 

from the open sea and fresh water input (𝐹𝐹) from the head of the semi-enclosed sea, 

with the continuous depletion due to evaporation (𝜇𝜇) and the water production rate 

(𝑏𝑏𝑄𝑄𝑖𝑖) by a desalination plant at 𝑀𝑀 = 𝑎𝑎𝑖𝑖. 

  𝑖𝑖
𝑖𝑖𝑑𝑑

(𝐴𝐴𝑈𝑈 − 𝐹𝐹) = − 𝜇𝜇𝑇𝑇𝐿𝐿 − ∑ 𝑏𝑏𝑄𝑄𝑖𝑖𝛿𝛿(𝑀𝑀 − 𝑎𝑎𝑖𝑖)𝑖𝑖
𝑖𝑖=1  (6-30) 

Where the recovery ratio is given by r ≤ 0.5 and δ is the Dirac delta function.  

The surface salinity in the Arabian Gulf increases roughly with distance from the 

Strait of Hormuz. Therefore the 1D advection - diffusion expression for salinity (𝑠𝑠) is 

given by: 

𝑑𝑑
𝑑𝑑𝑀𝑀

(𝐴𝐴𝑈𝑈𝑠𝑠) −
𝑑𝑑
𝑑𝑑𝑀𝑀

�𝐴𝐴𝐷𝐷
𝑑𝑑𝑠𝑠
𝑑𝑑𝑀𝑀
� =  𝑄𝑄𝑔𝑔𝛿𝛿(𝑀𝑀 − 𝑎𝑎) (6-31) 

Where 𝐷𝐷 is the longitudinal shear dispersion coefficient. Through the assumption that 

𝐷𝐷 is proportional to 𝑇𝑇𝐿𝐿2𝑈𝑈/𝐻𝐻. The longitudinal dispersion coefficient (𝐷𝐷) is given by 

the following expression: 

𝐷𝐷 =  𝛼𝛼𝑈𝑈𝐿𝐿
𝑇𝑇𝐿𝐿
𝐻𝐻𝐿𝐿2

�𝑇𝑇(𝑧𝑧)𝑑𝑑𝑧𝑧
𝑑𝑑

0

      
(6-32) 

Integrating the equations and matching salinity 𝑠𝑠𝐿𝐿 at 𝑀𝑀 = 𝑎𝑎, the logarithm of relative 

salinity is given by the following expression:  
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ln�
𝑆𝑆(𝑑𝑑)

𝑆𝑆𝐿𝐿
� =  �

1
𝐴𝐴(𝑧𝑧)𝐷𝐷(𝑧𝑧)

�𝜇𝜇�𝑇𝑇𝐿𝐿(𝑎𝑎)𝑑𝑑𝑎𝑎 − 𝐹𝐹(𝑧𝑧)
𝑧𝑧

0

�𝑑𝑑𝑧𝑧 + (1 + 𝑏𝑏)𝑄𝑄 �
𝑑𝑑𝑧𝑧

𝐴𝐴(𝑧𝑧)𝐷𝐷(𝑧𝑧)

𝐿𝐿

max (𝑑𝑑,𝑎𝑎)

𝐿𝐿

𝑑𝑑

     
(6-33) 

Where; 

      max(𝑀𝑀,𝑎𝑎): 

  =  𝑀𝑀 when 𝑀𝑀 ≥ 𝑎𝑎 

  = 𝑎𝑎  when a ≥ 𝑀𝑀  

The logarithm of relative salinity increase due to seawater desalination  ∆𝑠𝑠 is 

expressed as: 

        ln �1 +
∆𝑠𝑠
𝑠𝑠 ∗
� = �(1 + 𝑏𝑏)𝑄𝑄𝑖𝑖 �

𝑑𝑑𝑧𝑧
𝐴𝐴𝐷𝐷

𝑏𝑏

max (𝑑𝑑,𝑎𝑎𝑖𝑖)

𝑖𝑖

𝑖𝑖

     
(6-34) 

Where 𝐴𝐴 is the cross sectional area, 𝑠𝑠∗ is the maximum salinity, 𝑏𝑏 is the recovery rate, 

𝑄𝑄 is the volume of intake water and 𝐷𝐷 is the tidally averaged shear dispersion 

coefficient.   

The salinity increase ∆𝑠𝑠 from a desalination plant located at 𝑀𝑀 = 𝑎𝑎 with 𝑎𝑎 =

(1 + 𝑏𝑏)𝑄𝑄/𝐹𝐹 is given by the following expressions:  

ln �1 +
∆𝑠𝑠
𝑆𝑆∗
� = 𝛽𝛽𝑎𝑎 ��

𝑎𝑎
𝑎𝑎
− 1�                                   

𝑀𝑀∗

𝑎𝑎
<
𝑎𝑎
𝑎𝑎

      
(6-35) 

And, 

ln �1 +
∆𝑠𝑠
𝑆𝑆∗
� = 𝛽𝛽𝑎𝑎 ��

𝑎𝑎
𝑀𝑀
− 1�                                   

𝑎𝑎
𝑎𝑎

<
𝑀𝑀∗

𝑎𝑎
     

(6-36) 

Where; 

𝛽𝛽 =  
16
9

 
𝐹𝐹 𝐻𝐻𝐿𝐿
𝛼𝛼𝑈𝑈𝐿𝐿𝑇𝑇𝐿𝐿3

 

Therefore the logarithm of relative salinity can be expressed as: 
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𝑆𝑆(𝑑𝑑)

𝑆𝑆𝐿𝐿
� =  

8𝜇𝜇𝐻𝐻𝐿𝐿𝑎𝑎
9𝑇𝑇𝐿𝐿2𝛼𝛼𝑈𝑈𝐿𝐿

�1 −
𝑀𝑀
𝑎𝑎�

+ 
16𝐹𝐹𝐻𝐻𝐿𝐿

9𝑇𝑇𝐿𝐿3𝛼𝛼𝑈𝑈𝐿𝐿
�1−�𝑎𝑎

𝑀𝑀�
+

16(1 + 𝑏𝑏)𝑄𝑄𝐻𝐻𝐿𝐿
9𝑇𝑇𝐿𝐿3𝛼𝛼𝑈𝑈𝐿𝐿𝐹𝐹

��
𝑎𝑎

max (𝑀𝑀, 𝑎𝑎)
− 1� 

    
(6-37) 

The corrected factor 𝛼𝛼𝑈𝑈𝐿𝐿will be chosen so that, for the case when there is no 

seawater desalination, the model prediction agrees with the maximum observed 

surface salinity in the Gulf. The corrected factor (αUL) is calculated using the 

following expression: 

ln �
𝑆𝑆∗

𝑆𝑆𝐿𝐿
� = �

𝑑𝑑𝑀𝑀
𝐴𝐴𝐷𝐷

𝐿𝐿

𝑑𝑑∗

��µ𝑇𝑇𝐿𝐿(𝑧𝑧)𝑑𝑑𝑧𝑧
𝑑𝑑

𝑑𝑑∗

� (6-38) 

Where  𝐴𝐴𝐷𝐷 = (𝑇𝑇𝐻𝐻)𝐷𝐷: 

𝐴𝐴𝐷𝐷 =
9
8
𝛼𝛼𝑈𝑈𝐿𝐿

𝑇𝑇𝐿𝐿3

𝐻𝐻𝐿𝐿3
𝑎𝑎 �
𝑀𝑀
𝑎𝑎
�
3
2
 (6-39) 

Therefore:  

𝛼𝛼𝑈𝑈𝐿𝐿 =  

8𝐻𝐻𝐿𝐿𝑎𝑎
9𝑇𝑇𝐿𝐿2

 �1 − 3Γ
2
3 + 2Γ�

ln �𝑆𝑆
∗

𝑆𝑆𝐿𝐿
�

 (6-40) 

Where; 

Γ =
𝐹𝐹𝐿𝐿

µ𝑇𝑇𝐿𝐿𝑎𝑎
 

(6-41) 

For the EWF Nexus model developed in this research, the total desalination capacity 

for five countries (Qatar, Saudi Arabia, Kuwait, United Arab Emirates and Bahrain) 

plants are considered at fixed locations within the Arabian Gulf (illustrated in 

Appendix 2). The total baseline capacity encompasses all desalination technologies 

(thermal and mechanical) with an approximate total of 5,000 Mill. m3/year. The initial 

maximum salinity used in the model was 40 ppt. It is assumed that the desalination 

capacity for each country increases in the same proportion to population rate from 

the baseline (2010) to the scenario year of 2025 (Bashitialshaaer et al., 2011). It is 

important to note that the RO model developed for the Qatari food production system 
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assumed a fixed salinity for the intake seawater. This is because it is unclear how a 

recorded increase in salinity in the Arabian Gulf to a new maximum calculated from 

the model would be transmitted to the coastal waters of Qatar. The growth rates for 

the countries considered are calculated using the following expression: 

𝑅𝑅(𝑒𝑒) =  ln �
𝑃𝑃𝑎𝑎+1
𝑃𝑃𝑎𝑎

� (6-42) 

Where 𝑒𝑒 is the year, 𝑅𝑅(𝑒𝑒) is the growth rate from midpoint 𝑒𝑒 + 1, 𝑃𝑃(𝑒𝑒) is the 

population at mid-year 𝑒𝑒. 

 

 Model Verification: 

The EWF Nexus integrated results will illustrate the compounded effect on the 

Arabian Gulf from the desalination plants within the five countries described above. 

To illustrate model functionality, the equations derived previously are used in 

conjunction with the physical parameters in Table 6-6 for a single desalination plant 

with 𝑎𝑎 = (1 + 𝑏𝑏)𝑄𝑄/𝐹𝐹 = 0.25 and located at a/L= 0.4 (between KSA and Bahrain). 

The results for this verification case is illustrated in Figure 6-10. Using the values in 

Table 6-6, equation (6-37) can be reduced to (Purnama et al. 2005): 

ln �
𝑆𝑆(𝑑𝑑)

𝑆𝑆𝐿𝐿
� =  0.1624 �1 −

𝑀𝑀
𝑎𝑎
� +  0.04321�1 −�𝑎𝑎

𝑀𝑀
�

+  0.04321𝑎𝑎 ��
𝑎𝑎

max (𝑀𝑀, 𝑎𝑎)
− 1� 

(6-43) 

 

Table 6-6: Arabian Gulf characteristics used for model verification.  
Parameter Value Units 

BL 35 km 
HL 0.035 km/year 
µ  0.0015 km/year 
R 0.4  
F 48 km3 

S* 
αUL 

42 
0.00488 

ppt 
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This section has detailed the development of the water sub-system LCI models 

encompassing both mechanical and thermal desalination processes. The analysis 

conducted includes a comprehensive description of the relevant unit processes and 

the subsequent calculation procedure used to determine the specific fuel energy for 

desalination processes. 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

(b)  

Figure 6-10: (a) Logarithm of relative salinity, and (b) salinity distribution in the Arabian   
Gulf due to addition of seawater desalination with q= 0.25 at a/L=0.4.  
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This is in addition to outlining the calculation procedures used to ascertain the local 

and regional impact from desalination processes on the Arabian Gulf as part of the 

LCA methodology. The proceeding section will detail the development of the 

renewable and non-renewable energy sub-system LCI models, which are 

subsequently coupled with the water sub-system LCI models.  
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 Energy Sub-system LCI Model Chapter 7
Development   

All of natures’ systems rely on energy from the sun as the one infinite source. In 

contrast, most anthropogenic systems are powered by a finite source of energy in the 

form of fossil fuels. These systems can be supplemented by alternative or renewable 

sources of energy such as; solar energy, conversion of waste to power and nuclear 

processes. For this study, LCI models are developed for power production from non-

renewable energy (natural gas) and renewable energy (solar PV). The energy sub-

system LCI models are developed such that they can be integrated directly with 

thermal desalination processes, where a single source of fuel (i.e. natural gas) is used 

to produce given quantities of water and power simultaneously. Alternatively, both 

renewable and non-renewable based energy sub-systems can integrated with 

mechanical desalination processes and energy utilising sub-systems through the 

electric grid. Throughout the energy sub-system, reference will be made to three 

different types of steam turbines, which are illustrated in Figure 7-1 and listed below 

(EPA, 2015):  

1. Condensing steam turbine (CST): the CST is primarily used for power 

generation where the exhausted steam is directed to a condenser.  

 Steam turbines used for combined heat and power (CHP): 

2. Non-condensing (back pressure) steam turbine (BPST): A BPST exhausts 

some or all of its steam to an industrial process or to the steam mains of a 
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Following the method by Darwish et al. (2009), the heat supplied to the MSF process, 

𝑄𝑄𝑎𝑎ℎ is equal to the to the boiler heat output 𝑄𝑄𝑏𝑏: 

      𝑄𝑄𝑎𝑎ℎ =  𝑄𝑄𝑏𝑏 = 𝑀𝑀𝑔𝑔(ℎ𝑖𝑖 − ℎ𝑙𝑙)  (7-1) 

Where 𝑄𝑄𝑎𝑎ℎ is the heat supplied to the MSF process (W).  

Considering the energy of the fuel supplied to the boiler to produce 𝑄𝑄𝑏𝑏: 

𝑄𝑄𝑓𝑓𝑖𝑖 =
𝑄𝑄𝑎𝑎ℎ
𝜂𝜂𝑏𝑏

= 𝑚𝑚𝑓𝑓 × 𝑎𝑎𝐻𝐻𝑎𝑎 (7-2) 

Where 𝑄𝑄𝑓𝑓𝑖𝑖 is the fuel energy (W), 𝑚𝑚𝑓𝑓 is the mass flow rate of the fuel (kg/s), 𝑎𝑎𝐻𝐻𝑎𝑎 is 

the fuel low heating value (kJ/kg) value and 𝜂𝜂𝑏𝑏 is the efficiency of the boiler. 

Specific fuel energy can otherwise can be calculated using the following expression: 

𝑎𝑎𝑓𝑓𝑖𝑖 =
𝑄𝑄𝑓𝑓𝑖𝑖
𝐷𝐷

=
𝑄𝑄𝑏𝑏

(𝐷𝐷𝜂𝜂𝑏𝑏)   (7-3) 

Where 𝐷𝐷 is the desalination capacity (kg/s),  𝑎𝑎𝑓𝑓𝑖𝑖 is the specific heat per unit distillate 

supplied to the MSF process (kJ/kg). 

For the MSF parameters in Table 6-2 the steam flow rate (𝑀𝑀𝑔𝑔) is calculated using 

equation (6-7): 

𝑀𝑀𝑔𝑔 =
316
7.1

= 44 𝑘𝑘𝑔𝑔/𝑠𝑠 

                         Table 7-1: Fuel and oiler inputs. 
Parameter Symbol Value Unit 
Steam flow rate  Ms 45 kg/s 
Steam temperature at boiler inlet (Darwish et al., 2009) Ti sat(v) K 
Steam pressure at boiler inlet (Darwish et al., 2009) Pi 10 bar 
Enthalpy of steam at inlet to boiler hi 2,777 kJ/kg 
Temperature of steam at boiler exit Te 338 K 
Pressure of steam at boiler exit (Darwish et al., 2009) Pe sat(l) bar 
Enthalpy of steam at boiler exit he 272 kJ/kg 

Efficiency of power plant  𝜂𝜂𝑝𝑝𝑝𝑝 0.37 % 
Efficiency of boiler (Darwish et al., 2009) 𝜂𝜂𝑏𝑏 0.85 % 
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The method for calculating the pumping energy required to move the required stream 

flows around the MSF facility was detailed in section 6.1.2. The pumping energy in 

this scenario is supplied by an external hypothetical power plant with efficiency 𝜂𝜂𝑝𝑝𝑝𝑝: 

𝑤𝑤𝑓𝑓𝑝𝑝 =
�
𝑊𝑊𝑝𝑝
𝐷𝐷 �

𝜂𝜂𝑝𝑝𝑝𝑝
   (7-4) 

Where 𝑤𝑤𝑓𝑓𝑝𝑝 is the specific fuel energy (kJ/kg) consumed during pumping, 𝑊𝑊𝑝𝑝 is the 

total mechanical energy required (W).  

The total specific fuel energy required to drive the MSF process then given by: 

�
𝑄𝑄𝐹𝐹
𝐷𝐷
�
𝑇𝑇

= 𝑎𝑎𝑓𝑓 =  𝑎𝑎𝑓𝑓𝑖𝑖 + 𝑤𝑤𝑓𝑓𝑝𝑝   (7-5) 

Where 𝑎𝑎𝑓𝑓 is the total specific fuel energy consumed per kg of distillate (kJ/kg).  

The fuel energy can be transferred to mechanical work in a power plant with 

efficiency 𝜂𝜂𝑙𝑙, therefore the total fuel energy has an equivalent work: 

(𝑄𝑄𝑓𝑓)𝑙𝑙 =  𝑎𝑎𝑓𝑓 ×  𝐷𝐷 ×  𝜂𝜂𝑝𝑝𝑝𝑝   (7-6) 

Where (𝑄𝑄𝑓𝑓)𝑙𝑙 is the total equivalent work for the specified water production rate (W). 

Table 7-2 provides a summary for the main model outputs for configuration 1. 
 

 Table 7-2: Key results from fuel fired boiler driving MSF process. 
 
 
 
 
 

 

 

 

 

Parameter Symbol Value Unit 

Total specific fuel energy  qf or (Qf/D)T 351 kJ/kg or MJ/m3 

Total fuel energy (Qf)T 111 MW 

Equivalent work  (Qf)e 40 MW 

  126.4 kJ/kg 

Specific equivalent work (qf)e 35.12 kWh/m3 

Variation from literature  (Darwish et al. 2009)  11 % 
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7.2 Co-generation Power Plant LCI Model Development: 

Steam turbine power plants of this type are also referred to as co-generation power 

plants (CPDP) or dual purpose plants. In a CPDP high pressure and temperature 

steam is expanded in steam turbines producing work prior to supplying steam to the 

desalination facility. In this case the needs for both the power and water sector can be 

met (Darwish et al., 2009). Currently in the Middle East, the total desalination 

capacity of this configuration amounts to 4.857×106 m3/day (Darwish et al., 1997).   

General arrangements for dual purpose power plants include an extraction – 

condensing turbine rather than a conventional back pressure steam turbine (BPST). 

This configuration allows a fraction of steam to be directed to the desalination plant 

whilst permitting the remainder to proceed through further condensation and work 

production. The use of a BPST implies that all the expanded steam is directed to the 

desalting plant. In this case, because more water is produced, the water to power ratio 

is higher than the conventional extraction – condensing turbine arrangement. In the 

case of the back pressure turbine arrangement, the pressure at the turbine outlet is 

dictated by the conditions of the MSF process requirements. When utilising this 

arrangement and in the scenario where no steam is supplied to the MSF process, the 

result is 100 % power production in line with the conventional arrangement (Darwish, 

1988).  

 

 Re-heat regeneration rankine Cycle 7.2.1

The power generating segment of the CPDP is modelled based on an ideal reheat – 

regenerative Rankine cycle. The reference system  consists of one re-heater, one de-

aerator, one open feed-water (FW) heater, four closed feed-water heaters and three 

turbines as illustrated in Figure 7-4 (Darwish, 1988). The thermal efficiency of this 

type of Rankine cycle is the largest of the different types. This is because the average 

temperature at which heat is transferred to the steam in the boiler is increased by 

raising the temperature of the liquid water prior to entering the boiler (Cengel et al., 

1998). In a reheat cycle the steam in the high pressure (HP) turbine is partially 

expanded producing work after which it is returned to the boiler where it is reheated 

to its initial temperature. The reheated steam continues through the cycle expanding 
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in the low pressure (LP) turbine to the condenser pressure producing more work. The 

larger capital investment in a reheat cycle is justified by the increased efficiency. One 

disadvantage of this arrangement is that flow rate through the entire system is 

constant; therefore, the size of the LP turbine is significantly larger than that of the 

HP turbine. This results in a disproportionate power output per unit (Badr et al., 

1990). 

The thermal efficiency can be further increased through a regeneration process. This 

involves extracting steam from various points of the turbine which would have 

otherwise produced more work. Instead, the bled steam is used to heat the feed-water 

before it enters the boiler in what is known as a feed-water (FW) heater or a 

regenerator. Essentially, the FW heater is a heat exchanger because it stimulates the 

transfer of heat from the steam to the feed-water. The use of feed-water heaters 

enable maximum thermal efficiency with a satisfactory power output in which there 

are two types (Cengel et al., 1998):  

(1) Open FW heater: essentially a mixing chamber where the steam extracted from 

the turbine is mixed with sub-cooled feed-water exiting the pump. The mixture exits 

the heater as a saturated liquid and at the heater pressure. The result is a saturated 

water product at the pressure of the extracted steam. These heaters are cheaper than 

closed FW heaters and have good heat transfer characteristics. It should be noted that 

an open FW heater can also act as de-aerator because the fragmentation of water 

during the mixing process liberates non-condensable gases that are vented into the 

atmosphere such as; air, O2, H2 and CO2. The removal of these gases is necessary to 

prevent corrosion in the boiler. Furthermore, a pump is required for every open FW 

heater to handle the feed-water.  

(2) Closed FW heater: in this type of heater, heat is transferred from the extracted 

steam to the feed-water heater through a non-mixing process. Therefore, the non-

mixing ensure that the steam pressures at the heater exit can be different. In an ideal 

closed FW heater, the feed-water is heated to the turbine exit temperature which 

leaves as a saturated liquid at extraction pressure. These heaters are more complex, 

more expensive and have poorer heat transfer characteristics. However, they do not 

require a pump to operate.  
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The steam which is bled from the turbine to and direct to the brine heater in the MSF 

(𝑚𝑚𝑖𝑖) varies from 0 (case of a conventional power plant) and 1 (the case of back 

pressure turbine). The throttled stream (𝑚𝑚𝑎𝑎) is the steam that enters the turbine to 

generate power. The ratio between the two parameters varies and depends on the 

power and water requirements (power to water ratio).  Dual purpose plants are more 

favourable than the single purpose desalting configuration in terms of fuel 

consumption as the following analysis will demonstrate. The CPDP model is 

developed using thermodynamic principles. The calculation procedure involved 

determining mass fractions at every point of the steam power cycle using enthalpy 

and entropy balances from Urieli (2014). Temperature and pressure state conditions 

from the reference CPDP plant analysed by Darwish (1988) and Darwish et al. (2009) 

are utilised in the EWF Nexus model. Table 7-3 presents the computed enthalpy (ℎ) 

and entropy (𝑆𝑆) conditions for the given reference plant.  

   Table 7-3: State conditions for CPDP LCI model. 

Point Condition T (°C) P (bar) h (kJ/kg) S (kJ/kg K) 

1 steam 542 142 3583 6.52 
2 Steam 341 34.6 3084 6.62 
3 Steam 538 31.1 3541 7.32 
2’ Mixed 341 34.6 3084 6.63 
4 Steam 447 18.3 3353 7.32 
5 Steam 283 9.5 3016 7.32 
6 Steam 220 3 2907 7.2 
7 Steam 260 5 2982 7.2 
8 Steam 120 2.97 503 1.52 
9 Steam 350 8 3161 7.4 

10 Steam 118 1.1 2711 7.4 
11 Steam 77.2 0.42 2638 7.4 
12 Steam 39 0.07 2571 8.2 
13 Mixed 40 0.07 166.8 0.57 
14 Liquid(sat) 40 0.07 166.8 0.57 
15 Liquid(sat) 77 0.42 322 1.04 
16 Liquid(sat) 133 3 561 1.67 
17 Liquid(sat) 127.8 2.896 556 1.65 
18 Liquid(sat) 133 2.92 558 2.09 
19 Liquid(sat) 178 9.55 752 2.11 
20 Liquid(sat) 208 18.3 889 2.40 
21 Liquid(sat) 241 34.6 1047 2.72 

1. S3 = S4 (isentropic expansion in turbine)  
2. S3 = S5 ( isentropic expansion in turbine) 
3. h18 = point after feed-water pump (assuming it is incompressible).  
4. The Deaerator is considered an open feed water heater and the liquid state at 

the exit is saturated.   
5. Pump work is isentropic, therefore, S17 = S18.  
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6. In the energy balance of closed feed water heaters; the liquid is heated to the 
saturation pressure of the heating steam.  

7. The LP turbine outlet is considered to be in the quality region (mixed region) 
with a quality factor of 0.93 considered. Therefore; h13 = hf + x hfg 

In the CPDP model, steam is initially generated at high pressure around 150 bar and a 

temperature of 538 °C (Darwish et al., 2009) and is cycled through high pressure 

(HP), intermediate pressure (IP) and low pressure (LP) turbines at various 

thermodynamic conditions.   

In the model, pumps are assumed isentropic, there are no pressure drops in the boiler, 

condenser and feed-water heater, steam leaves the condenser and the feed-water 

heater as saturated liquid.  

I. Calculation of total work output (𝐖𝐖𝐭𝐭): 

With reference to the CPDP model illustrated in Figure 7-4 and using energy and 

mass balance principles from Urieli (2014), the following can be deduced: 

𝑊𝑊𝑎𝑎 = 𝑊𝑊𝐻𝐻𝐴𝐴 + 𝑊𝑊𝐼𝐼𝐴𝐴 = 𝑊𝑊𝐿𝐿𝐴𝐴 

Where 𝑊𝑊𝐻𝐻𝐴𝐴, 𝑊𝑊𝐼𝐼𝐴𝐴 𝑊𝑊𝐿𝐿𝐴𝐴 is the work output from the high pressure, intermediate 

and low pressure turbines (W). 

  (7-8) 

𝑊𝑊𝐻𝐻𝐴𝐴 =  𝑚𝑚𝑔𝑔��(ℎ1 − ℎ2𝑏𝑏) + [(ℎ2𝑏𝑏 − ℎ2)(1 −𝑚𝑚𝑔𝑔4)] 𝑚𝑚𝑔𝑔1�/1000�   (7-9) 

𝑊𝑊𝐼𝐼𝐴𝐴 = 𝑚𝑚𝑔𝑔 ��(ℎ3 − ℎ4)𝑚𝑚𝑔𝑔3� + �(ℎ3 − ℎ5)𝑚𝑚𝑔𝑔5� + �(ℎ3 − ℎ6)𝑚𝑚𝑔𝑔6� +

                    �(ℎ4 − ℎ9)𝑚𝑚𝑔𝑔3��(ℎ5 − ℎ9)𝑚𝑚𝑔𝑔5� +  �(ℎ6 − ℎ9)𝑚𝑚𝑔𝑔6�� /1000  

  (7-10) 

𝑊𝑊𝐿𝐿𝐴𝐴 =  𝑚𝑚𝑔𝑔 ��(ℎ9 − ℎ10)𝑚𝑚𝑔𝑔10� + �(ℎ9 − ℎ11)𝑚𝑚𝑔𝑔11� + �(ℎ9 − ℎ12)𝑚𝑚𝑔𝑔12��

/1000 
  (7-11) 

Where 𝑚𝑚𝑔𝑔 is the total steam flow rate (kg/s), 𝑚𝑚𝑔𝑔𝑛𝑛 is the steam flow rate fraction at 

point n, ℎ𝑖𝑖 is the enthalpy of the steam at any given point (kJ/kg). 

𝑄𝑄𝑖𝑖𝑖𝑖 =  𝑚𝑚𝑔𝑔�(ℎ𝑔𝑔1 −  ℎ19)𝑚𝑚𝑔𝑔1 + (ℎ3 − ℎ2)𝑚𝑚𝑔𝑔3�/1000 (7-12) 
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Where 𝑄𝑄𝑖𝑖𝑖𝑖 is the heat input into the system (W). 

 

Considering that turbine work can be calculated using the following: 

𝑊𝑊𝑎𝑎 =  𝑚𝑚𝑔𝑔(ℎ𝑎𝑎𝑖𝑖 − ℎ𝑎𝑎𝑙𝑙)   (7-13) 

Where 𝑊𝑊𝑎𝑎 is the total work output of the turbine (W), 𝑚𝑚𝑔𝑔 is the steam flow rate 

(kg/s), ℎ𝑎𝑎𝑖𝑖 is the enthalpy of the steam at the inlet to the turbine (kJ/kg), ℎ𝑎𝑎𝑙𝑙 is the 

enthalpy of the steam at the exit of the turbine.  

II. Efficiency of CPDP 

The efficiency of the regenerative – reheat steam power cycles is increased by 

extracting portions of the steam from the turbine and using it to preheat compressed 

liquid prior to entering the boiler. This is achieved by direct mixing of the fluids in an 

open FW heater or through heat exchange in a closed FW heater (regeneration). 

Reheat and regeneration rankine cycles are validated through thermal efficiency 

calculation.  

𝜂𝜂𝑎𝑎ℎ𝑙𝑙𝑟𝑟𝑎𝑎𝑎𝑎𝑏𝑏 = 1 −
𝑄𝑄𝑖𝑖𝑖𝑖
𝑄𝑄𝑏𝑏𝑔𝑔𝑎𝑎

   (7-14) 

Where 𝜂𝜂𝑎𝑎ℎ𝑙𝑙𝑟𝑟𝑎𝑎𝑎𝑎𝑏𝑏 is the thermal efficiency, 𝑄𝑄𝑏𝑏𝑔𝑔𝑎𝑎 is the heat output from the condenser 

and 𝑄𝑄𝑖𝑖𝑖𝑖 is the heat input into the system (W). 

        Table 7-4: Key results from re-heat regeneration power cycle. 
 
 
 
 
 
 
 
 

 

 

 

Parameter Symbol Value Unit 

Work (HP) 𝑊𝑊𝐻𝐻𝐴𝐴 313 kJ/kg 
Work (IP) 𝑊𝑊𝐼𝐼𝐴𝐴 316 kJ/kg 
Work (LP) 𝑊𝑊𝐿𝐿𝐴𝐴 500 kJ/kg 
Heat input  𝑄𝑄𝑖𝑖𝑖𝑖 815 W 
Total steam flow rate 𝑚𝑚𝑔𝑔 267 kg/s 
Condenser heat output 𝑄𝑄𝑏𝑏𝑔𝑔𝑎𝑎 392.8 W 
Efficiency 𝜂𝜂𝑎𝑎ℎ𝑙𝑙𝑟𝑟𝑎𝑎𝑎𝑎𝑏𝑏 51 % 
 𝜂𝜂𝑏𝑏𝑏𝑏𝑖𝑖𝑏𝑏𝑙𝑙𝑟𝑟 85 % 
 𝜂𝜂𝑎𝑎𝑙𝑙𝑔𝑔𝑎𝑎𝑏𝑏 40 % 

  130 





=  =  /



Energy Sub-system LCI modelling 

In order to calculate the specific fuel consumption for this configuration, the fuel 

energy supplied to the boiler of the CPDP (𝑄𝑄𝑓𝑓) must be divided between the two 

products 𝑊𝑊𝑎𝑎 and 𝑄𝑄𝑎𝑎ℎ. Such analysis can take one of four forms (Darwish, 1988; 

Darwish and Al-Najem, 2000): (1) all benefits of CPDP are given to power 

production; (2) all benefits are given to the desalting process; (3) availability method; 

and (4) allocation by work loss due to diversion of steam into MSF.  

This study considers method 4 where the steam that is diverted to the MSF is 

categorised as lost work as it is not expanded in the LP turbine. In this example a 

capacity equivalent to desalters (2𝐷𝐷) which is typical of a plant in Kuwait of this 

configuration is used in the derivation of the total fuel energy required in accordance 

with the procedure outlined by Darwish (2009). Considering that steam at the inlets to 

the LP turbine and the brine heater within the MSF process have the same enthalpy 

and exits as a condensate at 100 oC in saturated liquid state (ℎ𝑓𝑓) equivalent to ℎ8 the 

lost work is equivalent to the thermal energy 𝑄𝑄𝑎𝑎ℎ supplied to the MSF. 

𝑄𝑄𝑎𝑎ℎ =  𝑚𝑚7(ℎ7 −  ℎ8)   (7-16) 

Where 𝑄𝑄𝑎𝑎ℎ is the heat added to the MSF process (W), 𝑚𝑚7 is the steam flow to the 

brine heater (kg/s), ℎ7 is the enthalpy of the steam at the inlet of the brine heater 

(kJ/kg), ℎ8 is the enthalpy of the steam at the exit of the MSF process. 

The steam flow rate (𝑚𝑚7) with a thermal energy content equivalent to 𝑄𝑄𝑎𝑎ℎ is used to 

drive the MSF process rather than generate power within the LP turbine. Therefore; 

 𝑤𝑤𝐿𝐿𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_𝑑𝑑𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑. =  
 𝑊𝑊𝐿𝐿𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_𝑑𝑑𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑.

𝑚𝑚9
   (7-17) 

Where  𝑤𝑤𝐿𝐿𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_𝑑𝑑𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑. is the specific workout output of the LP turbine prior to 

desalination (kJ/kg), 𝑊𝑊𝐿𝐿𝐴𝐴 is the work output of the LP turbine prior to desalination,  

𝑚𝑚9 (𝑚𝑚𝐿𝐿𝐴𝐴) is the total steam flow rate into the LP turbine prior to desalination (kg/s). 

𝑊𝑊𝐿𝐿𝐴𝐴.𝑏𝑏𝑏𝑏𝑔𝑔𝑎𝑎 =   𝑤𝑤𝐿𝐿𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_𝑑𝑑𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑. ×  𝑚𝑚7   (7-18) 

Where 𝑊𝑊𝐿𝐿𝐴𝐴.𝑏𝑏𝑏𝑏𝑔𝑔𝑎𝑎 is the work lost as a result of the MSF integration.  

  133 



Energy Sub-system LCI modelling 

 𝑤𝑤𝐿𝐿𝐴𝐴𝑑𝑑𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏_𝑑𝑑𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑. =  
𝑊𝑊𝐿𝐿𝐴𝐴.𝑏𝑏𝑏𝑏𝑔𝑔𝑎𝑎

(2𝐷𝐷)
   (7-19) 

Where  𝑤𝑤𝐿𝐿𝐴𝐴𝑑𝑑𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏_𝑑𝑑𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑. is the specific workout output of the LP turbine per unit of 

water produced (desalted water) after desalination (kJ/kg). 

Considering a power plant with an efficiency 𝜂𝜂𝑝𝑝𝑝𝑝, the associated specific (per unit of 

water produced is: 

𝑎𝑎𝑓𝑓𝑖𝑖 =
𝑄𝑄𝑓𝑓𝑖𝑖
2𝐷𝐷

=
 𝑤𝑤𝐿𝐿𝐴𝐴𝑑𝑑𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏_𝑑𝑑𝑏𝑏𝑑𝑑𝑑𝑑𝑑𝑑.  

𝜂𝜂𝑝𝑝𝑝𝑝
   (7-20) 

Where 𝑎𝑎𝑓𝑓𝑖𝑖 is the specific heat per unit distillate supplied to the MSF process (kJ/kg). 

The pumping energy in this scenario is supplied by an external power plant with 

efficiency 𝜂𝜂𝑝𝑝: 

𝑤𝑤𝑓𝑓𝑝𝑝 =
�
𝑊𝑊𝑝𝑝
2𝐷𝐷�

𝜂𝜂𝑝𝑝𝑝𝑝
 

  

(7-21) 

Where 𝑤𝑤𝑓𝑓𝑝𝑝 is the specific fuel energy consumed to produce the pumping energy 

(kJ/kg), 𝑊𝑊𝑝𝑝 is the total mechanical energy required in Watts.  

The total specific fuel energy required to drive the MSF process then given by: 

�
𝑄𝑄𝐹𝐹
2𝐷𝐷

�
𝑇𝑇

= 𝑎𝑎𝑓𝑓 =  𝑎𝑎𝑓𝑓𝑖𝑖 + 𝑤𝑤𝑓𝑓𝑝𝑝 (7-22) 

Where 𝑎𝑎𝑓𝑓 is the total specific fuel energy consumed measured in kJ/kg of distillate.  

Table 7-6 provides a summary for the main model outputs for configuration 2.  

Parameter Symbol Value Unit 
Total work output from CPDP Wt 300 MW 
Thermal energy required Qth 226 MW 
Work output before desalination WLP before desal.  512 kW/ (kg/s)steam 
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significant advantages to adopting a CPDP arrangement over the SPDP. This is 

primarily because the CPDP entails a sizeable reduction in the fuel consumption (245 

MJ/m3) compared to 351 (MJ/m3) in the case of the SPDP. As discussed previously, 

the supply of low pressure steam directly from the boiler is a wasteful process from a 

thermodynamic perspective (Darwish, 1988). Although not included as part of this 

study, analysis using the second thermodynamic law efficiency would confirm this 

due to significant losses or “irreversabilities” in the combustion process and the 

process by which heat is transferred between combustion products and the water in 

the boiler. Whilst considering that irreversabilities associated with the combustion 

process are unavoidable, there is potential for improvement within the heat transfer 

process itself. Such is the case with the CPDP arrangement where the steam is 

generated and supplied to the turbine at maximum temperature and pressure. The 

boiler receives water at a temperature of 223 oC and a pressure of 140 bar, producing 

a steam with a temperature larger than 500 oC therefore resulting in higher second law 

efficiency (Darwish, 1988).  

 

7.3 Combined Cycle gas Turbine (CCGT)  

A combined cycle is essentially a gas power cycle topping a vapour power cycle 

providing both electrical power and heat. The most prevalent type of combined cycle 

is the CCGT, which consists of a gas-turbine (Brayton) cycle topping a steam turbine 

(Rankine) cycle. The CCGT offers higher efficiency than if the two cycles were to 

operate individually (Cengel et al., 1998). In a typical CCGT, air at ambient 

temperature is compressed and directed to the combustion chamber where it mixes 

with the natural gas. The resulting gas is delivered to the gas turbine where power is 

generated. The high temperature gas exiting the turbine is used as an energy source 

for the bottoming (Rankine) cycle. The energy is recovered from the hot exhaust gas 

and transferred through a heat exchanger to the steam or otherwise known as a heat 

recovery steam generator (HRSG). Essentially, the heat exchanger substitutes the fuel 

fired boiler used directly for generation and in cogeneration options driving 

desalination processes. The waste condensate from the steam turbine is cooled in the 

condenser and the resulting cool liquid is pumped back into the HRSG.   
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Reddy and Butcher (2009) evaluated the influence of operating conditions such as 

reheat, intercooling, ambient temperature and pressure on the performance of a 

CCGT from the perspective of the second law of thermodynamics. Ibrahim and 

Rahman (2012) evaluated the optimum compression ratio for CCGT systems. 

Extending their previous work, Ibrahim et al. (2011) expanded the discussion to 

include regenerative gas turbines. This PhD research utilises fundamental 

thermodynamic principles to deduce the efficiency of a simple CCGT configuration 

and calculates the natural gas required to produce 1 MWh of electrical power output 

using the step by step procedure outlined by Ibrahim and Rahman (2012). 

 

 

 

The molecular weight of natural gas used: 

𝑀𝑀� = �𝑎𝑎𝑖𝑖𝑀𝑀𝑊𝑊𝑖𝑖

𝑘𝑘

𝑖𝑖=1

   (7-24) 

Where 𝑎𝑎𝑖𝑖 is the mole fraction and 𝑀𝑀𝑊𝑊𝑖𝑖 is the molar weight (g/mol) of 𝑘𝑘 components. 

Therefore; 

𝑀𝑀�𝑖𝑖𝑎𝑎𝑎𝑎𝑔𝑔𝑟𝑟𝑎𝑎𝑏𝑏 𝑔𝑔𝑎𝑎𝑔𝑔 = (𝑀𝑀𝑊𝑊𝐶𝐶𝐻𝐻4 × 𝑎𝑎𝐶𝐶𝐻𝐻4) + (𝑀𝑀𝑊𝑊𝑁𝑁2 × 𝑎𝑎𝑁𝑁2) + (𝑀𝑀𝑊𝑊𝐶𝐶𝑂𝑂2 × 𝑎𝑎𝐶𝐶𝑂𝑂2)

+ (𝑀𝑀𝑊𝑊𝐶𝐶𝑂𝑂2 × 𝑎𝑎𝐶𝐶𝑂𝑂2) + (𝑀𝑀𝑊𝑊𝐶𝐶2𝐻𝐻6 × 𝑎𝑎𝐶𝐶2𝐻𝐻6) + (𝑀𝑀𝑊𝑊𝐶𝐶3𝐻𝐻8

× 𝑎𝑎𝐶𝐶3𝐻𝐻8) + (𝑀𝑀𝑊𝑊𝐶𝐶4𝐻𝐻10 × 𝑎𝑎𝐶𝐶4𝐻𝐻10) 
  (7-25) 

Unit 1 - Compressor: 

The isentropic compression of air raises the pressure from 𝑃𝑃1 to 𝑃𝑃2.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

𝑏𝑏𝑝𝑝 =
𝑃𝑃2
𝑃𝑃1

   (7-26) 

  139 



Energy Sub-system LCI modelling 

Where 𝑏𝑏𝑝𝑝 is the pressure ratio, 𝑃𝑃1 and 𝑃𝑃2 are the compressor inlet and outlet pressure 

conditions respectively. 

𝑇𝑇2 =  𝑇𝑇1

⎣
⎢
⎢
⎢
⎡
1 + 

�𝑏𝑏𝑝𝑝
𝛾𝛾𝑑𝑑−1
𝛾𝛾𝑑𝑑 � − 1

𝜂𝜂𝑙𝑙
⎦
⎥
⎥
⎥
⎤
 (7-27) 

Where 𝑇𝑇1 and 𝑇𝑇2 are the compressor inlet and exit temperature conditions 

respectively (K), 𝛾𝛾𝑎𝑎 is the specific heat factor air, and 𝜂𝜂𝑙𝑙 is the efficiency of the 

compressor.  

The work output from the compressor is calculated from: 

𝑊𝑊𝒄𝒄 =  
𝐶𝐶𝑝𝑝𝑎𝑎  𝑇𝑇1 �𝑏𝑏𝑝𝑝

𝛾𝛾𝑑𝑑−1
𝛾𝛾𝑑𝑑 � 

𝜂𝜂𝑙𝑙𝜂𝜂𝑎𝑎
=
𝐶𝐶𝑝𝑝𝑎𝑎 𝑇𝑇1 𝑅𝑅𝑝𝑝𝑎𝑎

𝜂𝜂𝑎𝑎
 (7-28) 

Where 𝑊𝑊𝒄𝒄 is the compressor output (W),  𝐶𝐶𝑝𝑝𝑎𝑎 is the specific heat capacity of 

air (kJ/kg/K), 𝜂𝜂𝑙𝑙, 𝜂𝜂𝑎𝑎 are the mechanical efficiencies of the compressor and 

motor respectively and 𝑅𝑅𝑝𝑝𝑎𝑎 is defined as; 

𝑅𝑅𝑝𝑝𝑎𝑎 =  
�𝑏𝑏𝑝𝑝

𝛾𝛾𝑑𝑑−1
𝛾𝛾𝑑𝑑 � − 1

𝜂𝜂𝑙𝑙
 

    
(7-29) 

Specific heat capacity of air (Ibrahim and Rahman, 2012):  

𝐶𝐶𝑝𝑝𝑎𝑎 = 1.0198 × 103 − 0.13784𝑇𝑇𝑧𝑧 + 1.9843 × 103𝑇𝑇𝑧𝑧2 + 4.2399 × 10−7𝑇𝑇𝑧𝑧3

− 3.7632 × 10−104𝑇𝑇𝑧𝑧4 
    

(7-30) 

Where 𝐶𝐶𝑝𝑝𝑎𝑎 is in the range of for the range of: 200K < T < 800K and 𝑇𝑇𝑧𝑧 = 𝑇𝑇2+𝑇𝑇1
2

 

measured in (K). 

           Table 7-9: Compressor inputs and outputs. 
Parameter Symbol Value Units 

Inlet temperature T1 25(298) oC/K 
Outlet temperature T2 720 K 
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Pressure ratio rp 22  
Air pressure at inlet P1 101.325 kPa 
Air pressure at outlet P2 2229.15 kPa 
Efficiency of compressor 𝜂𝜂𝑙𝑙 0.9  
Efficiency of motor 𝜂𝜂𝑎𝑎 0.9  

 

 

Unit 2 – Combustion chamber: 

The minimum amount of air needed for complete combustion is known as the 

stoichiometric or theoretical air requirement. The products of a combustion process 

under these conditions will be absent of uncombined oxygen. In actual combustion 

processes, excess air is used to ensure that all methane is burnt and to prevent the 

formation of C, H2, CO, OH and free O2. The stoichiometric relation for complete 

oxidation of a hydrocarbon fuel (𝐶𝐶𝑖𝑖𝐻𝐻𝑎𝑎) is given by the following formula: 

𝐶𝐶𝑖𝑖𝐻𝐻𝑎𝑎 +  �𝑒𝑒 +
𝑚𝑚
4
� (𝑂𝑂2 + 3.78𝑁𝑁2)  → 𝑒𝑒𝐶𝐶𝑂𝑂2 +  

𝑚𝑚
2
𝐻𝐻2𝑂𝑂 + 3.78 �𝑒𝑒 +

𝑚𝑚
4
�𝑁𝑁2 

    

(7-31) 

The fuel to air ratio (𝑜𝑜) can be expressed as (Ibrahim and Rahman, 2012):  

𝑜𝑜 =
𝑚𝑚𝑓𝑓

𝑚𝑚𝑎𝑎
=  

𝐶𝐶𝑝𝑝𝑔𝑔  × 𝑇𝑇𝐼𝐼𝑇𝑇 −  𝐶𝐶𝑝𝑝𝑎𝑎𝑇𝑇1(1 + 𝑅𝑅𝑝𝑝𝑔𝑔)
𝑎𝑎𝐻𝐻𝑎𝑎 +  𝐶𝐶𝑝𝑝𝑓𝑓 ×  𝑇𝑇𝑓𝑓 − 𝐶𝐶𝑝𝑝𝑔𝑔 × 𝑇𝑇𝐼𝐼𝑇𝑇

 
    

(7-32) 

Where 𝑎𝑎𝐻𝐻𝑎𝑎 is the low heating value of the fuel (kJ/kg), 𝑇𝑇𝐼𝐼𝑇𝑇 is the turbine inlet 

temperature (K), 𝐶𝐶𝑝𝑝𝑓𝑓  is the specific heat capacity of the fuel (kJ/kg/K), 𝐶𝐶𝑝𝑝𝑔𝑔 is the 

specific heat capacity of the gas (kJ/kg/K), 𝑇𝑇𝑓𝑓 is the temperature of the fuel (K) and 

𝑅𝑅𝑝𝑝𝑔𝑔 is defined as: 

                                   𝑅𝑅𝑝𝑝𝑔𝑔 = 1 −  1

�𝑟𝑟𝑝𝑝

𝛾𝛾𝑔𝑔−1
𝛾𝛾𝑔𝑔 �

 
 (7-33) 

Where 𝛾𝛾𝑔𝑔 is the specific heat factor for gas. 

Specific heat capacity of flue gas for CCGT (Ibrahim and Rahman, 2012): 
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𝐶𝐶𝑝𝑝𝑔𝑔 = 1.8083 − 2.3127 × 10−2𝑇𝑇 + 4.045 × 10−6𝑇𝑇2 − 1.7363 × 10−9𝑇𝑇3   (7-34) 

Peak ratio: 

The peak cycle temperature ratio (∂) is an important parameter in gas turbine design. 

With knowledge of 𝑇𝑇1, ∂ can be selected to compute sensible values for 𝑇𝑇𝐼𝐼𝑇𝑇 which 

can range from 1150 < 𝑇𝑇𝐼𝐼𝑇𝑇 < 2,050 𝐾𝐾. The peak cycle ratio can range from 3.5 < 

∂ < 5.5 (Al-Doori, 2011).  

∂ =
𝑇𝑇𝐼𝐼𝑇𝑇
𝑇𝑇1

   (7-35) 

 

 

The average specific heat capacity of the fuel 𝐶𝐶𝑝𝑝𝑓𝑓 is calculated: 

𝐶𝐶𝑝𝑝𝑓𝑓 𝑎𝑎𝑎𝑎𝑔𝑔
=  �(𝑤𝑤𝑔𝑔𝑖𝑖 × 𝐶𝐶𝑝𝑝𝑖𝑖)

𝑖𝑖

𝑖𝑖=1

   (7-36) 

Where 𝐶𝐶𝑝𝑝𝑓𝑓 is mass weighted average specific heat capacity (kJ/kg/K), 𝑤𝑤𝑔𝑔𝑖𝑖 is the 

weight fraction of component 𝑖𝑖 and 𝐶𝐶𝑝𝑝𝑖𝑖 is the specific heat capacity of component 𝑖𝑖 in 

(kJ/kg/K). 𝐶𝐶𝑝𝑝 is calculated using Table 2-198 from Perry and Green (2008) for 

organic and in-organic compounds in the ideal gas state.  

Heating value: 

The CCGT model calculates the heating value through knowledge of fuel 

composition and the heating value for different natural gas containing species as 

shown in Table 7-10. It is defined as the amount of heat released when a fuel is 

burned completely in a steady flow process. The heating value depends on the phase 

of H2O in the products. The high heating value (HHV) also known as the  gross 

heating value is when the H2O in the products is in liquid form, and low heating value 

(LHV) also known as net heating value is when the H2O is in vapour form (Cengel et 

al., 1998): 
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𝐻𝐻𝐻𝐻𝑎𝑎 = 𝑎𝑎𝐻𝐻𝑎𝑎 + �𝑚𝑚ℎ𝑓𝑓𝑔𝑔�𝐻𝐻2𝑂𝑂   (7-37) 

Where 𝑚𝑚 is the mass of H2O in the products per unit mass of fuel and ℎ𝑓𝑓𝑔𝑔 is the 

enthalpy of vaporization of water at the specified temperature (kJ/kg).  

The of enthalpy of combustion (𝐻𝐻𝑙𝑙��� ) of a fuel can be determined from a knowledge of 

the enthalpy of formation of the reactants (𝐻𝐻𝑓𝑓,𝑟𝑟
𝑏𝑏�����) and the products (𝐻𝐻𝑓𝑓,𝑝𝑝

𝑏𝑏�����) (Cengel et 

al., 1998):  

𝐻𝐻𝑙𝑙��� =  𝐻𝐻𝑝𝑝𝑟𝑟𝑏𝑏𝑖𝑖𝑔𝑔𝑙𝑙𝑎𝑎𝑔𝑔 − 𝐻𝐻𝑟𝑟𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑔𝑔    (7-38) 

ℎ𝑙𝑙��� =  �𝑁𝑁𝑝𝑝𝐻𝐻𝑓𝑓,𝑝𝑝
𝑏𝑏����� −  �𝑁𝑁𝑟𝑟𝐻𝐻𝑓𝑓,𝑟𝑟

𝑏𝑏�����   (7-39) 

Where ℎ𝑙𝑙��� = 𝐻𝐻𝐻𝐻𝑎𝑎 of the fuel.  

The Calculation of the 𝑎𝑎𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔 in the CCGT LCI model utilised the 

following expression: 
 

𝑎𝑎𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔 =  �(𝑤𝑤𝑔𝑔𝑖𝑖 × 𝑎𝑎𝐻𝐻𝑎𝑎𝑖𝑖)
𝑖𝑖

𝑖𝑖=1

   (7-40) 

Where 𝑤𝑤𝑔𝑔𝑖𝑖 is the weight fraction of component 𝑖𝑖, 𝑎𝑎𝐻𝐻𝑎𝑎𝑖𝑖 is the 𝑎𝑎𝐻𝐻𝑎𝑎 of component 𝑖𝑖, 𝑁𝑁 

is the molar concentration, and 𝑎𝑎𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑔𝑔 is the  average 𝑎𝑎𝐻𝐻𝑎𝑎 of the product gas.  

                          Table 7-10:  Net calorific values for different species. 
Species LHV (MJ/Sm3) 

Methane (CH4) 35.883 
Ethane (C2H6) 64.345 
Propane (C3H8) 93.215 
Butane (C4H8) 123.810 

 

Unit 3 - Gas turbine: 

The exhaust gases temperature from the gas turbine is given by: 
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𝑇𝑇4 =  𝑇𝑇3

⎣
⎢
⎢
⎢
⎢
⎡

1 − 𝜂𝜂𝑎𝑎

⎣
⎢
⎢
⎢
⎡

1 −
1

�𝑏𝑏𝑝𝑝
𝛾𝛾𝑔𝑔−1
𝛾𝛾𝑔𝑔 �

⎦
⎥
⎥
⎥
⎤

⎦
⎥
⎥
⎥
⎥
⎤

=  𝑇𝑇3(1 −  𝜂𝜂𝑎𝑎  × 𝑅𝑅𝑝𝑝𝑔𝑔)   (7-41) 

Where 𝑇𝑇3 and 𝑇𝑇4 are the compressor inlet and outlet temperature conditions (K). 

The work output of the gas turbine (WGT) is given by: 

𝑊𝑊𝐺𝐺𝑇𝑇 =  
𝐶𝐶𝑝𝑝𝑔𝑔  × 𝑇𝑇𝐼𝐼𝑇𝑇 ×  𝜂𝜂𝑎𝑎 × 𝑅𝑅𝑝𝑝𝑔𝑔

𝜂𝜂𝑎𝑎
   (7-42) 

𝑊𝑊𝐺𝐺𝑖𝑖𝑙𝑙𝑎𝑎 =  𝑊𝑊𝐺𝐺𝑇𝑇 −  𝑊𝑊𝑙𝑙   (7-43) 

Table 7-11 provides a summary of the main parameters considered in the calculation 

of GT portion of the CCGT considering an assumed Wt.   

 

                                                                     Table 7-11: Gas turbine inputs and outputs. 
Parameter Symbol Value Unis 

Peak  ratio ∅ 4.5  
Gas turbine inlet temperature TIT 1,450 K 
Gas turbine outlet temperature T4 741 K 
Specific heat capacity of flue gas Cpg 1.018 kJ/kg 
Gas turbine capacity WGT 40  MW 
Rate of fuel input mf 105  MW 

 

Unit 4 - Heat recovery steam generator (HRSG): 

In the CCGT LCI model developed in this research, a simple HRSG model is 

considered. The heat available from the gas turbine exhaust gases (𝑄𝑄𝑎𝑎𝑎𝑎) measured in 

(W) can be calculated using the following: 

𝑄𝑄𝑎𝑎𝑎𝑎 = 𝑚𝑚𝑔𝑔  × 𝐶𝐶𝑝𝑝𝑔𝑔  × �𝑇𝑇𝑔𝑔1 − 𝑇𝑇𝑔𝑔4�  × ℎ1𝑓𝑓   (7-44) 

Where 𝑇𝑇𝑔𝑔4 is the HRSG exhaust temperature (K), ℎ1𝑓𝑓 is the heat loss considered 0.98, 

𝑇𝑇4 =  𝑇𝑇𝑔𝑔1 which represents the temperature of the gas at the HRSG inlet.  
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Unit 5 - Steam turbine (ST): 

The steam obtained from the HRSG, which is at high pressure and temperature, is 

expanded in a steam turbine to the condenser pressure. The enthalpy at point is 

estimated using equation (6-4) and an assumed HRSG exit temperature  �𝑇𝑇𝑔𝑔2�:  

When; (𝑇𝑇𝑔𝑔2) = 350 oC (623 K) 

ℎ6 = 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑇𝑇𝑊𝑊(350 + 273) = 2564.4 𝑘𝑘𝑗𝑗/𝑘𝑘𝑔𝑔  

The steam turbine output (𝑊𝑊𝑆𝑆𝑇𝑇) is subsequently calculated:  

𝑊𝑊𝑔𝑔𝑎𝑎 = 𝑚𝑚𝑔𝑔𝑙𝑙( ℎ6  ×  𝜂𝜂𝑔𝑔𝑎𝑎)   (7-45) 

Where 𝑊𝑊𝑆𝑆𝑇𝑇 is measured in (W) and 𝑚𝑚𝑔𝑔𝑙𝑙 is the steam flow rate through the steam 

cycle (kg/s).  

 

The mass flow rate of steam (𝑚𝑚𝑔𝑔𝑙𝑙)  is calculated using the following: 

𝑚𝑚𝑔𝑔𝑙𝑙 =  
𝑄𝑄𝑎𝑎𝑎𝑎

(ℎ9 − ℎ6)
   (7-46) 

Where ℎ9 is calculated using equation (6-2) when 𝑇𝑇9 is at 25 oC (298 K):  

ℎ9 =  𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑎𝑎𝑇𝑇𝑊𝑊(𝑇𝑇9) 

Unit 6 – Condenser: 

The enthalpy at point 8 at 40 oC and 0.07 bar is calculated using equation (6-2): 

= 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑒𝑒𝑎𝑎𝑖𝑖𝑎𝑎𝑇𝑇𝑊𝑊(40 + 273)   (7-47) 

The heat released from the condenser measured in (W) is be calculated: 

𝑄𝑄𝑏𝑏𝑔𝑔𝑎𝑎 =  𝑚𝑚𝑔𝑔𝑙𝑙(ℎ8 −  ℎ7)   (7-48) 
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 Summary of main CCGT LCI model 7.3.1

Table’s 7-12 and 7-13 summarise the main model inputs and outputs for the GT and 

CCGT models respectively. Using a specified 𝑊𝑊𝐺𝐺𝑇𝑇 for an LM6000 turbine (Darwish 

et al., 2009), the CCGT LCI model will be utilised to calculate the natural gas 

requirement to generate 1 MWh of electric power.  

                                                                                                 Table 7-12: Gas turbine model output 
 
 
                                                                         
 
 
 
 

             Table 7-13: CCGT model output. 

 

 

 

The natural gas consumption (kg/MWh) is in a range of: 

𝑇𝑇𝑜𝑜𝑒𝑒𝑎𝑎𝑎𝑎 𝑠𝑠𝑎𝑎𝑠𝑠𝑒𝑒𝑒𝑒𝑚𝑚 𝑎𝑎𝑜𝑜𝑤𝑤𝑒𝑒𝑏𝑏 
𝐺𝐺𝑎𝑎𝑠𝑠 𝐼𝐼𝑒𝑒𝑎𝑎𝐴𝐴𝑒𝑒 

=
𝑊𝑊𝐺𝐺𝑇𝑇 + 𝑊𝑊𝑆𝑆𝑇𝑇

𝑚𝑚𝑓𝑓
~130 𝑘𝑘𝑔𝑔/𝑀𝑀𝑊𝑊ℎ 

Where 𝑊𝑊𝐺𝐺𝑇𝑇 + 𝑊𝑊𝑆𝑆𝑇𝑇 is the system power (W) and 𝑚𝑚𝑓𝑓 is the natural gas input (kg/hour). 

Variation in natural gas composition and  LHV will obviously result in variations of 

the natural gas factor consumption factor per MWh.   

 

7.4 CCGT and Desalination Integration 

The utilisation of the gas turbine offers additional desalination variations to those 

discussed previously in section 7.2. In fact, the CCGT increases the installed power 

capacity, efficiency of power production and incidentally the ability to produce more 

water (Darwish and Al Najem, 2004). The sub-systems modelled in sections 6.1and 

Parameter Value Unit  
System power 40 MW 
  3.50 ×105 MWh/year 
Gas Input 7110.5 kg/hour 
  1.05 ×102 MW 
ηGT 45 % 

Parameter Value Unit  
System power 52.2 MW 
  3.88 ×105 MWh/year 
Gas Input 7110.5 kg/hour 
  1.05 ×105 MW 
ηCCGT 58 % 
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                                       Table 7-15: Configuration 5: Summary of results for CCGT and RO integration. 
Parameter Symbol Value Units 

RO specific energy consumption  SEC 5.5 kWh/m3 
CCGT output  Wt 52  MW 
CCGT efficiency  𝜂𝜂𝐶𝐶𝐶𝐶𝐺𝐺𝑇𝑇 58 % 
Fuel rate input  (Qf)T 109 MW 
Desalination output   D 2,648 kg/s 
Total specific fuel energy  (Qf/D)T 39.8 MJ/m3 
Variation from literature  (Darwish et al. 2009) 3 % 

 

 Configuration 6: CCGT driving RO and MSF  7.4.3

In configuration 6, the GT power output is used to drive the RO and the thermal 

energy from the corresponding exhaust gases is used to produce the steam required 

for the MSF process as illustrated in Figure’s 7-13 and 7-14. The steam output from 

the HRSG is used to drive the MSF desalination process with a given thermal energy 

requirement of the plant configuration presented in section 6.1.2. In this case, the 

flow rate of the steam from the HRSG (𝑚𝑚𝑔𝑔𝑙𝑙) is equal to the motive steam (𝑀𝑀𝑔𝑔) 

driving the MSF process. 

Heat supplied to the MSF process: 

𝑄𝑄𝑎𝑎ℎ = 𝑀𝑀𝑔𝑔(ℎ8 − ℎ7)  (7-51) 

Where 𝑀𝑀𝑔𝑔 is the steam flow rate into the MSF (kg/s), ℎ8 and ℎ7 are the enthalpies of 

the steam and the condensate (kJ/kg) from the MSF units presented in Table 7-5. 

The water output which can be produced from the recovered heat: 

𝐷𝐷𝑀𝑀𝑆𝑆𝐹𝐹 =
𝑄𝑄𝑎𝑎ℎ
𝑎𝑎𝑎𝑎ℎ

 (7-52) 

Where 𝑎𝑎𝑎𝑎ℎ is the specific thermal requirement (kJ/per kg of distillate) calculated in 

section 6.1.2.  

The pumping requirement: 

𝑊𝑊𝑝𝑝 = 𝑤𝑤𝑝𝑝 × 𝐷𝐷𝑀𝑀𝑆𝑆𝐹𝐹   (7-53) 
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Figure 7-14: Process diagram of CCGT integration with RO and MSF (modified from 
Darwish et al., 2009).              

A summary of the specifications calculated for configuration 6 is provided in Table 7-16.                                             

Table 7-16:  Configuration 6 - Summary of results for GT and RO integration. 
Parameter Symbol Value Units 

GT power output  WGT 40 MW 
HRSG steam output  msc = Ms 12.13 kg/s 
Enthalpy of steam to MSF  h8 2953 kJ/kg 
Enthalpy of condensate from MSF  h7 418 kJ/kg 
Thermal energy recovered  Qth 30.75 MW 
Thermal energy required by MSF  qth 345 kJ/kg 
Water produced by MSF  DMSF 89 kg/s 
Required pumping energy  Wp 1.50 MW 
Net power  Wnet 38.5 MW 
RO output  DRO 1954.5 kg/s 
Total water from RO and MSF  D 2043.6 kg/s 
Specific fuel energy  (Qf/D)T 51.6 MJ/m3 
Variation from literature  (Darwish et al. 2009)  3 % 
 

 

 Configuration 7: Combined gas/steam power cycle driving RO and 7.4.4

MSF  

In this design, the gas and steam combined cycle is fitted with BPST’s that divert 

steam to drive the MSF desalination process. In the calculation of Qf/D, the relevant 

sub-systems were configured to the characteristics similar to an existing facility of 

this type (Wade et al., 1999; Darwish et al., 2009). The reference combined gas/steam 

power plant consists of three gas turbines, three HRSG’s, two BPST’s and four MSF 

desalting units. The exhaust gases leaving the GT are supplied to the HRSG to 

generate steam which is supplied to the BPST. The MSF process is supplied with 

steam discharged from the BPST. In the model developed, the power output from the 

GT portion of the CCGT is designed for an output of 555 MW (3 turbines with a 

capacity of 185 MW each). The steam output from the HRSG portion is integrated 
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Figure 7-16:  Process diagram for a combined gas/steam power cycle with backpressure 
steam turbine (BPST) driving RO and MSF desalting systems (modified from 
Darwish et al., 2009). 

A summary of the specifications calculated for configuration 7 is provided in Table 7-17. 

               Table 7-17: .Summary of results for combined cycle integration with RO and MSF.  
Parameter Symbol             Value Units 

Total power from GT  WGT 555 MW 
Steam turbine power  WST 170 MW 
Required pumping energy  Wp 42 MW 
Net Power  Wnet 720 MW 
Fuel energy input  Qf 1460 MW 
Number of MSF units1  8  
Capacity of unit  DMSF 316 kg/s 
Total Capacity  (DMSF)T 2,529 kg/s 
Desalted Water from SWRO  DRO 34,950 kg/s 
Total water production  D 37,478  kg/s 
Specific fuel energy  (Qf/D)T 39 MJ/m3 
Variation from literature   3.3 %  

1Capacity of one MSF unit is 316 kg/s 

 Summary  7.4.5

The analysis of the different energy – water system configurations demonstrated the 

varying quantities of fuel required to desalinate a given amount of seawater. The 

thermal desalination processes which utilise a single boiler to generate steam are the 

least efficient and require large amounts of fuel. The use of RO as opposed to MSF is 

a significantly more energy efficient as the process requires 5 - 6 kWh/m3 of power, 

where an MSF process requires an approximate 25 kWh/m3 of equivalent mechanical 

energy. It has been shown that configurations 5 and 7 are the best performing 

configurations for combined fossil fuel power generation and water desalting 

processes. 
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7.6 CCGT water requirement  

Water consumption in thermoelectric generation systems is used to drive a steam 

turbine and in cooling in order to condense the steam. The source of water varies for 

different regions depending on the availability of fresh water. For the purposes of this 

study it is assumed that the water utilisation for closed loop CCGT power plants is 

0.8775 m3/MWh (Mielke et al., 2010).  

 

7.7 Renewable Energy Sub-system LCI Modelling 

This section describes the development of the solar energy based LCI model which 

utilises Qatar specific input parameters to demonstrate the model functionality. From 

Emission Factor (kg/MWh) 
CO2 338.6 
CO 0.9001 
NOx 0.7977 
N2O 0.0081 
PM (condensable) 0.0127 
PM (filterable) 0.0051 
SO2 0.0087 
SO3 0.0005 
CH4 0.0232 
TOC 0.0297 
VOC 0.0057 
N2 1,866.2 
Ar 32.26 
O2 85.09 
1,3-Butadiened 0.0012 
Acetaldehyde 0.1079 
Acrolein 0.0173 
Benzene 0.0324 
Ethylbenzene 0.0863 
Formaldehyde 1.915 
Naphthalene 0.0035 
PAH 0.0059 
Propylene 0.0782 
Toluene 0.3506 
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a carbon footprint standpoint, the use of solar energy minimises the environmental 

impact of desalination processes. Within this sphere, there are several variations 

possible (Darwish, 2014):  

(a) Using solar photovoltaics (PV) to operate mechanically driven systems such 

as RO.  

(b) Concentrating solar power (CSP) producing heat to drive thermal desalting 

systems.  

(c) The use of a CSP to generate the heat required to drive a power cycle which in 

turns generates the electric power required to operate the desalination process. 

The utilisation of solar thermal energy for desalination can either be direct or indirect.  

Indirect solar desalination systems consist of a commercial desalination plant 

connected to solar thermal collectors (Darwish, 2014). This research considered the 

use of the solar PV to drive an RO desalination process. This configuration is adopted 

because power generated through the PV system can be supplied directly to the grid 

In this configuration, solar radiation (energy) is directly converted to electricity by 

PV conversion through a variety of different modules that are available on the market. 

Since the PV array and the desalination plant can be de-coupled, they can also be 

installed in their optimum locations respectively. Furthermore, this configuration 

enables the incorporation of all the different energy users within the nexus, enabling 

the calculation of the total solar energy requirement.   

 

 Solar PV system Options 7.7.1

The PV effect is the basis in which energy from the sun (electromagnetic radiation) is 

converted into electricity in the solar cell as negatively and positively charged 

electrons move between around the N-type and P-type semiconductor respectively 

(Hersch and Zweibel, 1982). The development and utilisation of photovoltaics are 

increasing rapidly. In 2013, the global cumulative installed capacity was recorded at 

138.9 GW, growing at an approximate capacity of 30 GW annually (EPIA, 2014). 

Furthermore, economies of scale and improvements in material utilisation, process 

optimisation and enhancement in module efficiencies have contributed to drastic 
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reductions in production costs and to lower environmental footprints (Fthenakis et al., 

2011). The reasons behind this increase include: 

• unlimited resource of solar energy; 

• modular character (varying capacity); 

• increasing module efficiency and decreasing costs per module; 

• production of electricity with lowemissions and noise pollution;  

• technical life of 30 years. 

Solar PV cells are usually categorised in terms of the semi-conducting material they 

are made from. They include those that are silicon based such as: (1) crystalline 

silicon (mono/single and poly) and amorphous silicon; (2) non-silicon based thin film 

which includes CdTe (cadmium telluride), CIS (copper indium selenide) and CIGS 

(copper indium gallium (di) selenide); and (3) new concept solar technologies such as 

cells based on organic material, solar concentrator system, or devices which exploit 

quantum effects (quantum dots cells) (Raugei and Frankl, 2009). PV technologies 

which use silicon (an abundant material occupying 25 % of the earth’s crust) as the 

semiconductor are the most common occupying 80 - 90 % of the global market share 

(Raugei and Frankl, 2009; Glunz et al., 2012).  

The monocrystalline silicon cell has demonstrated steady improvements in its 

efficiency of converting solar radiation into electrical power from the initial 15 % in 

the 1950’s to the higher levels of 28 % in current modules (Tyagi et al., 2013).  Table 

7-19 presents the characteristics of the different types of PV modules discussed 

above. 

 

                  Table 7-19: Characteristics of different PV modules. 
 Mono/single-crystalline 

(mono/sc-Si) 
Multi-crystalline 

(mc-Si) 
Amorphous 

(a-Si) 
Purity 99.99% low n/a 
Efficiency 14 – 20 % 12 – 17 % 8 – 11 % 
Cost high medium low 
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 PV module manufacturing process 7.7.2

The manufacturing process for PV modules differs depending on the module type. 

The first stage involves the mining of the raw materials in which quartz sand is 

extracted for Si PV modules whilst metal ore is extracted for CdTe PV modules. In 

the Si PV modules, the silica (SiO2) contained in the quartz sand is processed in an 

arc furnace to metallurgical grade silicon which is then purified to electronic or solar 

grade (> 99.9999 %) using a “Siemens” process (Fthenakis et al., 2008). The 

subsequent manufacture of the solar grade Si into a PV module consists of the 

production of the wafer, cell and module. The wafer stage solar-grade polycrystalline 

or single-crystal silicon ingots are sliced into ~ 0.2 mm thick wafers. During the cell 

stage, a p-n junction is formed by dopant diffusion and electric circuit is created by 

applying and sintering metallization pastes (IEA, 2011).  

 

 

 

 

 

 

 

 

Figure 7-18: Simplified process-flow diagrams from mining to system manufacturing 
stages, namely cradle-to-gate for (a) mono-, ribbon-, and multi-Si PV’s 
(Fthenakis et al., 2008). 

The cost allocation for multi-crystalline solar systems per watt-peak (Wp) generated 

are approximately: solar grade silicon (20 %), solar ingot and wafer production (28 

%), solar cell processing (13 %), solar module processing (9 %) and installation of the 

PV-system including converter costs (30 %). In recent years, efforts to reduce the 

costs are focused on reducing the cost of the solar grade silicon feedstock production, 
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and the development of cheap ingot manufacturing processes for mc-Si wafers 

(Müller et al., 2006).  

 

  Comparative Assessment of LCA for PV system  7.7.3

The modelling carried out in this research to explore the environmental savings from 

the use of solar PV is implemented through the determination of key performance 

indicators which are specific to different PV systems: Energy Payback Time (EPBT), 

GHG, SO2, NOx, and heavy metal emissions. The life cycle stages of a solar PV are 

analogous to that of a typical product system illustrated in Figure 5-1. A full LCA of 

a PV module would cover a whole range of different parameters related to its 

production, use and disposal such as; location, wafer and module specifications (size, 

efficiency, cells/module, frame, modules/system, module lifetime, efficiency), peak 

power, total efficiency, total lifetime, energy production (kWh/year.), type of 

installation (e.g. roof, façade, ground, on/off grid, shadow effect) and performance 

ratio. 

The cumulative primary energy demand (CPED) is an important parameter in PV 

design. It is defined as “the energy embodied in natural resources (e.g., coal, crude 

oil, natural gas, uranium) that has not undergone any anthropogenic conversion and 

needs to be converted and transported to become usable energy” (IEA, 2011).  

Reported CPED figures in previous LCA’s vary from 2,400 to 7,600 MJ/m2 for mc-Si 

PV modules and between 5,300 and 16,500 MJ/m2 for sc-Si (Alsema, 2000). 

Variations can be attributed to different assumptions made during the LCA in terms 

of process parameters like wafer thickness, wafering losses, energy requirement 

estimates for silicon purification and the crystallization processes. Improvements in 

manufacturing processes such as the modified Siemens process have yielded CPED 

values of 4,200 and 5,700 MJ/m2 for mc-Si and sc-Si PV modules respectively. 

Depending on the configuration, solar PV modules can expect average EPBT values 

in the range of 2 – 4 years (Meijer et al., 2003; Alsema, 2000; Fthenakis et al., 2008). 

Extreme values have been reported at the low end such as 1.8 years for both sc-Si and 

mc-Si modules (Alsema and De Wild-Scholten, 2005) and an upper range of 6 years 

(Jungbluth, 2005).  
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 Solar Engineering concepts utilised in the PV LCI model 7.8.1

Declination (𝜹𝜹): Defined as the angular position of the sun at solar noon (when the 

sun is at local meridian) with respect to the plane of equator. Calculated using Cooper 

(1969):  

          𝛿𝛿 = 23.45 𝑠𝑠𝑖𝑖𝑒𝑒 �2𝜋𝜋 284+𝑖𝑖
365

�   (7-55) 

Where 𝑒𝑒 is the day of the year (e.g. n =1 for January 1). Declination varies between 

– 23.5o on December 21 and + 23.5o on June 21.  

Sunset hour angle (𝝎𝝎𝒔𝒔): defined as the solar hour angle (o) corresponding to the 

time when the sun sets. The relevant Input data used is sourced from NASA (2015) 

and is listed in Table 7-20. 

           𝐴𝐴𝑜𝑜𝑠𝑠 𝜔𝜔𝑔𝑔 = −𝑒𝑒𝑎𝑎𝑒𝑒 𝑎𝑎 𝑒𝑒𝑎𝑎𝑒𝑒 𝛿𝛿   (7-56) 

Where L is the latitude. 

Solar hour angle (𝝎𝝎): defined as the angular displacement of the sun east or west of 

the local meridian due to rotation of the earth on its axis. The relevant input data is 

sourced from NASA (2015) and listed in Table 7-21,. 

Table 7-20: PV model initial input data specific to Qatar. 

Latitude 25.487 °, Longitude 51.166 ° 
 

Month 

Monthly 
averaged 
insolation 

incident on a 
horiztonal 

surface (𝐻𝐻�)    
(kWh/m2/day) 

Monthly 
Average 

Clearness 
Index (Kt) 

Monthly 
average 
daylight 

hours 

Sunset 
hour 
angle 

(o) 

Declination 
δ (rad) 

Declination 
δ (o) 

Qatar 

ambient 

Temperature 

(oC) (clima-

temps, n/a) 

January 3.42 0.51 10.7 79.5 -0.365 -20.921 21.7 
February 4.25 0.53 11.3 83.9 -0.219 -12.567 23 
March 4.88 0.52 12 89.1 -0.0329 -1.887 26.8 
April 5.84 0.55 12.7 94.6 0.1667 9.550 31.9 
May 6.92 0.62 13.3 99.3 0.3268 18.727 38.2 
June 7.4 0.65 13.7 101 0.381 21.815 41.2 
July 7.01 0.63 13.5 100 0.3493 20.0153 41.5 
August 6.57 0.61 13 96.7 0.240 13.753 40.7 
September 5.84 0.6 12.3 91.4 0.051 2.934 38.6 
October 4.84 0.58 11.5 85.9 -0.149 -8.529 35.2 
November 3.78 0.54 10.9 80.9 -0.320 -18.355 29.5 
December 3.2 0.5 10.5 78.3 -0.402 -23.045 24.1 
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            Table 7-21: Monthly average hourly solar hour angles relative to the horizon (degrees) 
specific to Qatar. 

 Time (GMT) 

0200  0300  0400  0500  0600  0700  0800  0900  1000  1100  1200  1300  1400  1500  

January n/a n/a 6.74 18.3 28.7 37.1 42.4 43.6 40.3 33.3 23.9 12.8 0.79 n/a 
February n/a n/a 10 22.5 33.9 43.6 50.2 52 48.4 40.5 30.1 18.2 5.56 n/a 
March n/a 2.75 16.2 29.3 41.8 52.8 60.6 62.4 57.1 47.3 35.3 22.5 9.17 n/a 
April n/a 9.59 23.1 36.6 49.9 62.3 72.1 73.1 64.4 52.3 39.1 25.6 12.1 n/a 
May 1.18 14.1 27.3 40.8 54.3 67.7 80 80.6 68.5 55.1 41.6 28.1 14.8 1.94 
June  2.45 15 28 41.3 54.7 68.2 81.6 83.7 70.4 56.9 43.4 30.1 17.1 4.47 
July 0.28 12.9 26 39.3 52.8 66.3 79.5 83.9 71.4 57.9 44.4 31 17.8 5.01 
August n/a 10.3 23.8 37.3 50.8 63.8 75 77.3 67.7 55 41.6 28.1 14.6 1.38 
September n/a 7.96 21.4 34.7 47.4 58.7 66.4 66.5 58.9 47.6 34.9 21.7 8.19 n/a 
October n/a 5.02 18 30.4 41.7 50.7 55.6 54.7 48.3 38.5 26.8 14.2 1.05 n/a 
November n/a 0.93 13.2 24.7 34.6 42.2 46 45.2 39.9 31.4 20.8 9.07 n/a n/a 
December n/a n/a 9.09 20.1 29.8 37.1 41.1 40.9 36.7 29.1 19.4 8.28 n/a n/a 

 

Extra-terrestrial radiation (𝑯𝑯𝟎𝟎): related to the solar radiation outside the earth’s 

atmosphere. The daily 𝐻𝐻0 on a horizontal surface (W/m2) can be computed for day 𝑒𝑒 

from the following equation (RETScreen, 2004):  

𝐻𝐻0 =  
86400𝐺𝐺𝑔𝑔𝑙𝑙

𝜋𝜋
 ��1 + 0.033 cos �2𝜋𝜋

𝑒𝑒
365

�� (cos𝜓𝜓 cos𝛿𝛿 sin𝜔𝜔𝑔𝑔

+ 𝜔𝜔𝑔𝑔 sin𝜓𝜓 sin 𝛿𝛿)� 
  (7-57) 

Where 𝐺𝐺𝑔𝑔𝑙𝑙 is the solar constant recorded as 1,367 W/m2. 

Clearness index(𝑲𝑲�𝑻𝑻): is a measured of the actual radiation at the Earth’s surface 

after 𝐻𝐻0 has been attenuated by the atmosphere clouds, defined as (RETScreen, 

2004): 

𝐾𝐾�𝑇𝑇 =
𝐻𝐻�

𝐻𝐻�𝑏𝑏����
   (7-58) 

Where 𝐻𝐻� is the monthly average daily solar radiation on a horizontal surface and 𝐻𝐻�𝑏𝑏 

is the monthly average 𝐻𝐻0 on a horizontal surface. The values of 𝐾𝐾�𝑇𝑇 depend on the 

location and the time of the year considered (usually between 0.3 and 0.8 for overcast 

climates and sunny locations respectively). Input data for 𝐾𝐾�𝑇𝑇 used in this research is 

sourced from NASA (2015) and listed in Table 7-20. 
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Calculation of Solar Irradiance: 

The calculation of hourly irradiance in the plane of the PV array (𝐻𝐻𝑎𝑎) is performed 

using the isotropic diffuse model which stipulates that the radiation on the tilted 

surface of the PV module is consists of three components: beam (emanates from the 

solar disk), isotropic diffuse (emanates from the rest of the sky) and solar radiation 

diffusely reflected from the ground. In the isotropic model the sum of the diffuse 

from the sky and ground-reflected radiation on the tilted surface is equal regardless of 

the orientation of the PV module (Liu and Jordan, 1963; Duffie and Beckman, 1980): 

𝐻𝐻𝑎𝑎 = 𝐻𝐻𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐻𝐻𝑖𝑖 �
1 + 𝐴𝐴𝑜𝑜𝑠𝑠 𝛽𝛽

2
� + 𝐻𝐻𝐻𝐻 �

1 − 𝐴𝐴𝑜𝑜𝑠𝑠 𝛽𝛽
2

�                       (7-59) 

Where 𝐻𝐻𝑎𝑎 is the hourly irradiance on the plane of the PV array (MJ/m2), 𝐻𝐻 is the 

global horizontal irradiance (MJ/m2), 𝐻𝐻𝑏𝑏 is the beam irradiance component (MJ/m2), 

𝐻𝐻𝑖𝑖 is the diffuse irradiance component (MJ/m2), ρ represents the diffuse reflectance 

coefficient from the ground, 𝛽𝛽 represents the slope of the PV (o) array, and 𝑅𝑅𝑏𝑏 is the 

ratio of the beam radiation on the PV array to that of the horizontal.  

The (𝐻𝐻𝑎𝑎) calculation procedure as defined by the RETScreen (2004): 

 

 

 

 

Where 𝐻𝐻�𝑎𝑎 is the average daily irradiance in the plane of the PV array. 

 

The diffuse radiation 𝑯𝑯�𝒅𝒅 is calculated from the monthly average daily global 

radiation using Erbs et al. (1982) and is valid for a sunset hour angle greater than 

81.4o: 

𝐻𝐻�𝑖𝑖 =  𝐻𝐻 ��� (1.391 − 3.560𝐾𝐾�𝑇𝑇 + 4.189𝐾𝐾�𝑇𝑇2 − 2.137𝐾𝐾�𝑇𝑇3)   (7-60) 

For when sunset hour angles is smaller than 81.4o: 

Calculation of 
hourly beam 
and diffuse 
irradiance 

Calculation of 
hourly tilted 
irradiance 

Summation 

𝐻𝐻𝑏𝑏    

𝐻𝐻𝑖𝑖  

𝐻𝐻𝑎𝑎   
𝐻𝐻�𝑎𝑎  
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𝐻𝐻�𝑖𝑖 =  𝐻𝐻 ��� (1.311 − 3.022𝐾𝐾�𝑇𝑇 + 3.427𝐾𝐾�𝑇𝑇2 − 1.8921𝐾𝐾�𝑇𝑇3)   (7-61) 

The average daily radiation is aggregated into hourly values using the following 

relationship from Collares-Pereira and Rabl for global irradiance (RETScreen, 2004): 

𝑏𝑏𝑎𝑎 =  
𝜋𝜋

24
(𝑎𝑎 + 𝑏𝑏 𝐴𝐴𝑜𝑜𝑠𝑠 𝜔𝜔)

𝐴𝐴𝑜𝑜𝑠𝑠 𝜔𝜔 − 𝐴𝐴𝑜𝑜𝑠𝑠 𝜔𝜔𝑔𝑔
𝑠𝑠𝑖𝑖𝑒𝑒 𝜔𝜔𝑔𝑔 −  𝜔𝜔𝑔𝑔 𝐴𝐴𝑜𝑜𝑠𝑠 𝜔𝜔𝑔𝑔

 (7-62) 

Where 𝑏𝑏𝑎𝑎 is the ratio of hourly total to daily total global radiation, 𝜔𝜔𝑔𝑔 and 𝜔𝜔 are 

measured in radians.  

𝑎𝑎 = 0.409 + 0.5016 𝑠𝑠𝑖𝑖𝑒𝑒 �𝜔𝜔𝑔𝑔 −
𝜋𝜋
3
� (7-63) 

         𝑏𝑏 = 0.6609 − 0.4767 𝑠𝑠𝑖𝑖𝑒𝑒 �𝜔𝜔𝑔𝑔 −
𝜋𝜋
3
� (7-64) 

The diffuse radiance (Liu and Jordan, 1963): 

𝑏𝑏𝑖𝑖 =  
𝜋𝜋

24
 
𝐴𝐴𝑜𝑜𝑠𝑠 𝜔𝜔 − 𝐴𝐴𝑜𝑜𝑠𝑠 𝜔𝜔𝑔𝑔

𝑠𝑠𝑖𝑖𝑒𝑒𝜔𝜔𝑔𝑔 −  𝜔𝜔𝑔𝑔 𝐴𝐴𝑜𝑜𝑠𝑠 𝜔𝜔𝑔𝑔
 (7-65) 

Where 𝑏𝑏𝑖𝑖 is the ratio of hourly total to daily diffuse radiation.  

For each of hour of the average day, global horizontal irradiance 𝐻𝐻 and the diffuse 

and its diffuse and beam components 𝐻𝐻𝑖𝑖 and 𝐻𝐻𝑏𝑏 are given by (RETScreen, 2004): 

𝐻𝐻 =  𝑏𝑏𝑎𝑎𝐻𝐻 ��� (7-66) 

𝐻𝐻𝑖𝑖 =  𝑏𝑏𝑖𝑖𝐻𝐻�𝑖𝑖 (7-67) 

𝐻𝐻𝑏𝑏 = 𝐻𝐻 −  𝐻𝐻𝑖𝑖 (7-68) 

The ratio of the bean radiation on the PV array to the horizontal 𝑏𝑏𝑏𝑏  (Liu and Jordan, 

1963): 

𝑏𝑏𝑏𝑏 =  
𝐴𝐴𝑜𝑜𝑠𝑠(𝑎𝑎 − 𝛽𝛽) 𝐴𝐴𝑜𝑜𝑠𝑠(𝛿𝛿) 𝐴𝐴𝑜𝑜𝑠𝑠(𝜔𝜔) + 𝑠𝑠𝑖𝑖𝑒𝑒(𝑎𝑎 − 𝛽𝛽) 𝑠𝑠𝑖𝑖𝑒𝑒(𝜔𝜔)

𝐴𝐴𝑜𝑜𝑠𝑠 (𝑎𝑎) 𝐴𝐴𝑜𝑜𝑠𝑠(𝛿𝛿) 𝐴𝐴𝑜𝑜𝑠𝑠(𝜔𝜔) + 𝑠𝑠𝑖𝑖𝑒𝑒(𝑎𝑎) 𝑠𝑠𝑖𝑖𝑒𝑒(𝛿𝛿)
 (7-69) 
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Where 𝑎𝑎 is the latitude of the site in question and 𝛿𝛿, 𝛽𝛽, 𝑎𝑎, 𝜔𝜔 are expressed in radians.  

 PV module Design  7.8.2

The daily global horizontal irradiance needs to be then translated into an electricity 

conversion potential in which the PV array is characterised by its average efficiency 

(𝜂𝜂𝑎𝑎). Initially, the PV module efficiency (𝜂𝜂𝑟𝑟) is calculated as a function of the 

average module temperature (𝑇𝑇𝑙𝑙), which is dependent on the nominal operating cell 

temperature (NOCT) and 𝐾𝐾�𝑇𝑇. Table 7-22 presents a summary of the design 

characteristics of the different PV modules required in the calculation of the 

parameters listed below. The % loss considered in the calculations is indicative of the 

performance ratio of the module typically 75 %. The performance ratio (PR) is the 

difference between the modules’ DC rated performance and the actual AC electricity 

generated (Fthenakis, et al., 2011).  

Array efficiency: 

𝜂𝜂𝑎𝑎 = 𝜂𝜂𝑟𝑟�1 − 𝛽𝛽𝑝𝑝(𝑇𝑇𝑙𝑙 − 𝑇𝑇𝑟𝑟)� (7-70) 

Where 𝜂𝜂𝑎𝑎 is the average PV efficiency, 𝜂𝜂𝑟𝑟 is the PV module efficiency with reference 

temperature 𝑇𝑇𝑟𝑟 (25 oC), 𝛽𝛽𝑝𝑝 is the temperature coefficient for module efficiency. 

 𝑇𝑇𝑙𝑙 is related to the mean monthly ambient temperature 𝑇𝑇𝑎𝑎 as following: 

𝑇𝑇𝑙𝑙 −  𝑇𝑇𝑎𝑎 = (219 + 832𝐾𝐾�𝑇𝑇)
𝑁𝑁𝑂𝑂𝐶𝐶𝑇𝑇 − 20

800
 (7-71) 

The electrical energy delivered to the grid: 

              𝐸𝐸𝐴𝐴𝑃𝑃 =  𝜂𝜂𝑎𝑎 ×  𝐻𝐻𝑎𝑎  × 30 × 𝐴𝐴𝐴𝐴𝑃𝑃 × 𝑃𝑃𝑅𝑅                                     (7-72) 

Where 𝐸𝐸 is the electric energy delivered to the grid by the PV array (MWh), 30 is the 

number of days per month and 𝐴𝐴𝐴𝐴𝑃𝑃 is the area of the plant (m2)  

Land footprint: 

The land footprint (𝐴𝐴𝐴𝐴𝑃𝑃) for a PV power plant with a total capacity (𝑊𝑊𝐴𝐴𝑃𝑃) is 

calculated with knowledge of the area per PV module (𝐴𝐴𝑎𝑎) and the peak-watt output 

  166 



Energy Sub-system LCI modelling 

of the PV module (𝑊𝑊𝑎𝑎) presented in Table 7-22. An upper range for 𝐴𝐴𝐴𝐴𝑃𝑃 is also 

considered in line with the 𝐴𝐴𝐴𝐴𝑃𝑃 corresponding to the 100 MW PV power plant 

evaluated by Ito et al., (2008). 

              𝐴𝐴𝐴𝐴𝑃𝑃 =  
𝑊𝑊𝐴𝐴𝑃𝑃

𝑊𝑊𝑎𝑎
×  𝐴𝐴𝑎𝑎                                    (7-73) 

Table 7-22: PV module characteristics. 

  NOCT 𝜼𝜼𝒓𝒓 (%) 𝜷𝜷𝒑𝒑 𝑾𝑾𝒑𝒑 (W) 𝑨𝑨𝒎𝒎 (m2) 

*Mono-Si 45 0.17 0.004 320 2 

Poly-Si 45 0.13 0.004 320 2 

a-Si 50 0.1 0.001 300 1.4 

Cd-Te 46 0.1 0.0024 120 1 

CIS 47 0.1 0.0046 120 0.7 

* Indicates PV module utilised in the EWF Nexus model.  

 

  PV module Life cycle  7.8.3

The 100 MW photovoltaic power plant considered consists of monocrystalline-silicon 

PV modules with a total embodied energy of 31,244 GJ/MW in which the embodied 

energy of the different components is illustrated in Table 7-23. The PV module has a 

technical life time of 30 year lifetime (Ito et al., 2008). 

      Table 7-23: Breakdown of energy requirement for mono/sc-Si PV module and 
supporting structure (Ito et al., 2008). 

Component Energy requirement (GJ/MW) 

PV module 16,487 

Array support 5,139 

Foundation and trough 1,700 

Cable 398 

Transportation 2,768 

Transmission 4,526 

Other components 226 

Total 31,333 
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The main performance indicators considered are: 

Energy pay-back time: 

The EPT is the energy payback time (years) and calculates the years required to 

recover the primary energy (fossil fuel) consumption throughout the PV module life 

cycle by clean energy production. 

𝐸𝐸𝑃𝑃𝑇𝑇 =
𝑇𝑇𝑜𝑜𝑒𝑒𝑎𝑎𝑎𝑎 𝑎𝑎𝑖𝑖𝑜𝑜𝑒𝑒 𝐴𝐴𝑎𝑎𝐴𝐴𝑎𝑎𝑒𝑒 𝑎𝑎𝑏𝑏𝑖𝑖𝑚𝑚𝑎𝑎𝑏𝑏𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝑔𝑔𝑎𝑎 𝑏𝑏𝑒𝑒𝑎𝑎𝐴𝐴𝑖𝑖𝑏𝑏𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑜𝑜 𝑒𝑒ℎ𝑒𝑒 𝑃𝑃𝑎𝑎 𝑠𝑠𝑎𝑎𝑠𝑠𝑒𝑒𝑒𝑒𝑚𝑚 

𝐴𝐴𝑒𝑒𝑒𝑒𝐴𝐴𝑎𝑎𝑎𝑎 𝑎𝑎𝑏𝑏𝑖𝑖𝑚𝑚𝑎𝑎𝑏𝑏𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝑔𝑔𝑎𝑎 𝑏𝑏𝑒𝑒𝑑𝑑𝐴𝐴𝐴𝐴𝑒𝑒𝑖𝑖𝑜𝑜𝑒𝑒 𝑏𝑏𝑎𝑎 𝐴𝐴𝑠𝑠𝑖𝑖𝑒𝑒𝑔𝑔 𝑃𝑃𝑎𝑎 𝑠𝑠𝑎𝑎𝑠𝑠𝑒𝑒𝑒𝑒𝑚𝑚
 (7-74) 

For the Qatar system analysed, it is considered that all manufacturing is carried out 

locally and that the electricity grid is 100 % natural gas based as described in section.  

CO2 emission rate: 

Furthermore, the CO2 emission rate demonstrates the usefulness of the PV in 

reducing global warming.  

                      𝐶𝐶𝑂𝑂2 𝐸𝐸𝑅𝑅 =
𝑇𝑇𝑜𝑜𝑒𝑒𝑎𝑎𝑎𝑎 𝐶𝐶𝑂𝑂2 𝑒𝑒𝑚𝑚𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑒𝑒 𝑜𝑜𝑒𝑒 𝑎𝑎𝑖𝑖𝑜𝑜𝑒𝑒 𝐴𝐴𝑎𝑎𝐴𝐴𝑎𝑎𝑒𝑒 

𝐴𝐴𝑒𝑒𝑒𝑒𝐴𝐴𝑎𝑎𝑎𝑎 𝑎𝑎𝑜𝑜𝑤𝑤𝑒𝑒𝑏𝑏 𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝑎𝑎𝑒𝑒𝑖𝑖𝑜𝑜𝑒𝑒 × 𝑎𝑎𝑖𝑖𝑜𝑜𝑒𝑒𝑒𝑒𝑖𝑖𝑚𝑚𝑒𝑒
 (7-75) 

Where CO2 ER is the emission rate measured in grams of carbon per KWh generated (g-

c/kWh).  

 

Other Airborne emissions  

Toxic gases and heavy metals can be emitted directly and in-directly through the use 

of electricity at all stages of the PV life cycle. For this study, the indirect natural gas 

requirement and emissions associated with the manufacture of the PV module are 

calculated using the CCGT sub-system model in section 7.5. It is expected that 

because PV modules are manufactured using different semi-conducting material, the 

characterisation of the related direct emissions would vary accordingly. Heavy metal 

emissions such as arsenic, cadmium, chromium, copper, mercury, nickel, lead can be 

emitted throughout the manufacture of the PV module (Fthenakis, et al., 2011). The 

direct emissions occur during the phases of the mining and processing of material.  
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For instance, the use of CdTe PV modules would entail significant cadmium 

emissions during these phases.  

Although it is considered that Cadmium emissions of a finished CdTe module are 

negligible, the emissions during the mining and processing phases have been 

estimated at 0.02 g per GWh (Fthenakis, et al., 2011). In the case of sc/mono-Si 

modules, the vast majority of emissions including SO2, NOx and particulates occur 

from the in-direct use of power at all stages up to and including producing a finished 

PV module. The direct emissions of Cd during the life-cycle of CdTe PV are 

magnitude of 10 lower than indirect emissions due to electricity and fuel use 

throughout the same life-cycle, and about a magnitude of 30 times lower than the 

indirect emissions from crystalline photovoltaics (Fthenakis and Alsema, 2006). 

 

 Summary of main results  7.8.4

The total annul power generated from a single 100 MW capacity PV array is 

approximately 170 GWh after considering the performance ratio of the module as 

illustrated in Table 7-24. The optimum tilting angle (𝛽𝛽) for the PV array is calculated 

using the excel solver function as presented in Figure 7-20, where the power 

generated by the PV array (𝐸𝐸) is maximised by varying 𝐻𝐻𝑎𝑎 and setting the following 

constraints for 𝛽𝛽: 

0 ≤ 𝛽𝛽 ≤ 90  (𝛽𝛽 is measured in degrees)  

                                                                                         Table 7-24: Power output for 100 MW capacity plant in Qatar. 

Month Tc 𝜼𝜼𝒓𝒓 (%) EPV 
(MWh/month) 

January  41.8038 0.1586 12,668.95 
February 43.6238 0.1573 13,001.65 
March 47.1638 0.1549 13,490.96 
April 53.0438 0.1509 12,941.25 
May  61.1638 0.1454 16,500.02 
June 64.9438 0.1428 16,589.05 
July  64.7238 0.1430 16,071.72 
August 63.4038 0.1439 14,796.36 
September 61.0438 0.1455 14,015.40 
October 57.1238 0.1482 14,628.99 
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Figure 7-20: Screen shot from EWF Nexus model illustrating the calculation of the optimum 

tilting angle (𝛽𝛽). 

 

For the mono-Si PV modules considered, the energy payback period calculated using 

equation (7-74) is illustrated in Figure 7-22. The CO2 emission rate per KWh of 

generated power for different modules are calculated using equation (7-75) and is 

illustrated in Figure 7-21.  

November  50.3838 0.1527 12,848.15 
December 43.9438 0.1571 10,919.48 
Total   168,472 

Power generated (MWh/year) 

Ht 

Tilting angle (𝛽𝛽) 

Slope of PV array angle: 19.71o 
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Figure 7-21: CO2 emission rates for the different PV modules measured in grams of carbon 

per KWh generated (g-c/KWh). 

 

 

 

 

 

 

 

 

 

Figure 7-22: Payback period for the different PV modules. 

 

In conclusion, energy sub-system LCI models have been developed for the direct 

coupling with thermal desalination, in which the combined cycle gas turbine (GT/ST 

cycle) driving a reverse osmosis (RO) system is considered the most favourable 

fossil energy-water configuration. Electricity generation to enable the simultaneous 

coupling with RO desalination process, and the powering of other sub-systems 

within the EWF Nexus such as the food sub-systems described in the proceeding 
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section, have also been developed using both the natural gas driven CCGT and solar 

PV.  
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 Food Sub-system LCI Model Chapter 8
Development  

The food nexus element encompasses the sub-systems related to agriculture which 

includes fertilizer production required for crops, the application of the fertilizer and 

the management of livestock. Corresponding LCI models using input parameters 

from the Qatar case study are developed enabling the evaluation of the environmental 

burden from the aforementioned sub-systems, including ascertaining the flows of 

nitrogen within agricultural activities. This is achieved through the development of 

the agro-system nitrogen budget.  

At a global level, fertilizer production is responsible for approximately 1.2 % of the 

total emission of the greenhouse gases, consisting of 0.3% of pure CO2, 0.3 % as N2O 

and 0.6% CO2 emitted as the flue gas. The main energy requirement for the 

production of fertilizers is linked to the nitrogen content (94% for N) and smaller 

amounts for other fertilizing agents (3% for P2O5 and 3% for the K2O) at a global 

scale (Kongshaug and Jenssen, 2003). 

The role of animal production systems in climate change is of concern, due to their 

large number, and corresponding high CH4 emission rate from their ruminant 

digestive system, especially in the case of cattle. In fact, corresponding global CH4 

emissions are estimated at 2.2 billion tonnes of CO2 eq., 80 % of which is agricultural 

CH4 and represents 35 % of the total anthropogenic CH4 emissions. Furthermore, 

emissions of N2O from the livestock sector represent 75 % of total agricultural N2O 

emissions (Davies et al., 2013). It is estimated that the processes related to the 

management of livestock are responsible for approximately 18% of the world’s 
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anthropogenic GHG emissions (Weiss and Leip, 2012). Furthermore, wastes from 

animal production systems contribute as much 30 – 50 % of the global N2O emissions 

from agriculture.   

Essentially, animal production systems transform carbohydrates and protein from 

animal feed into consumable items such as eggs, milk and meat. The raising of 

livestock within these systems, can contribute directly and in-directly (i.e. through 

manure deposits) to climate change through GHG emissions which depends on: 

livestock management method, temperature, amount of manure and its constituents. 

As such waste emissions from animal production systems need to be integrated into 

the EWF Nexus model and allocated to the relevant LCA impact categories livestock.  

A number of livestock systems analysis and LCA studies have been reported in 

literature. For instance, a comprehensive LCA study conducted by FAO (2010) 

evaluated the GHG emissions from the global dairy cattle sector, more specifically 

the production the milk. The Intergovernmental Panel on Climate Change (IPCC) 

methodology for the quantification of GHG emissions from enteric fermentation and 

manure waste was utilised. Similarly, Schils et al., (2006), evaluated the effect of 

improved nitrogen management on GHG emissions within Dutch dairy systems using 

the IPCC methodology. Sandars et al., (2003) in an LCA study, evaluated the 

environmental impact of different pig waste (manure) management options. 

Similarly, Hishinuma et al., (2008) in a cow specific study, evaluated using LCA 

different manure management options such composting, dry lot, liquid slurry and 

conversion to biogas. Although, there is a broad spectrum of manure management 

options this section will consider both dry lot and liquid slurry options using the IPCC 

methodology, which incidentally enables the calculation of CH4 emissions from 

enteric fermentation.  

 

8.1 Fertilizer Production  

The production of fertilizers is one of the most important aspects to consider in an 

LCA evaluating the environmental impact of food production. Nutrients needed for 

crop growth can originate from either organic fertilizers (manure, residues, soil 

organic matter) or from mineral/chemical fertilisers. The availability of plant 
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nutrients in sufficient amounts and their correct balance is fundamental for optimising 

the yield. Mineral fertilisers can be based on nitrogen (N), phosphate (P2O5) and 

potash (derived from marketable KCl containing approximately 60% K2O).   

The main inorganic forms of nitrogen in the soil utilised by plants are: (1) ammonium 

(NH4
+) which is supplied from chemical fertilizers containing NH4

+, conversion of 

organic nitrogen (e.g. manure or crop residues) or from urea fertilizer; (2) 

nitrate (NO3
−) which is originates from nitrate chemical fertilizers or from the 

nitrification process (Brentrup and Pallière, 2008). Once the urea is applied on land, it 

undergoes hydrolysis to NH4
+ by soil enzymes in which NH3 is lost to the atmosphere 

through volatilisation (YARA, 2015).  

For this study the production and application of urea, which is manufactured from 

ammonia is considered for the quantification of emissions. Only, urea is considered 

because it is manufactured locally in the region used in the thesis case study and the 

relevant data available. Individual LCI models of fertilizer production using 1 tonne 

of ammonia and, subsequently, 1 tonne of urea as reference units are developed 

(Appendix 3). The total urea requirement is calculated using factors pertaining to the 

urea requirement per hectare for different crops (Table A3-1) and scaled up according 

to the total land required to produce the crops listed in Table 5-5 (ICARDA 2010; 

QNFSP, 2013). The models integrate mass balance calculations with process plant data 

and emission factors and calculate the emissions and resource consumption for urea 

production. The electricity requirement encompasses the power required to drive the 

process and to convert water into steam.  

Although the objective of this work is not to evaluate process options for further 

improvement of the energy efficiency in such plants, it is recognised that unless 

inventory models are constructed using country specific data (including the 

composition of natural gas and electricity mix for power supply from the grid) and 

production plant specific information, it is difficult to accurately account for all 

emissions related to the production of the full range of fertilizers used in a food 

system. 
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pressure to form ammonium carbamate, which is subsequently dehydrated by the 

application of heat to form urea, 70 - 77 % aqueous solution (EFMA, 2000b). 

2NH3 + CO2 ↔ NH2COONH4 ↔ CO(NH2)2 + H2O 

The urea synthesis reactor always contains unreacted carbamate and excess ammonia 

depending on the composition of the feeds. The conversion on CO2 basis is usually in 

the range of 50 - 80 % in which unreacted material would be recycled in different 

processes such as the Snamprogetti or the Mitsui Toatsu process. The model 

developed does not consider any recycling loop (i.e. 100 % conversion CO2 basis).  

Partial conversion occurs in the reactor, where a solution consisting of urea, 

carbamate, water, unconverted CO2 and NH3 is then fed into a stripper adopting one 

of the technologies above. The urea solution from the stripper is then sent to the first 

stage decomposer, where urea purification takes place by the dehydration of the 

carbamate; after which it is then passed through a second, lower pressure decomposer 

for further purification. 

The resulting urea solution from the lower pressure (LP) decomposer is then sent to 

the vacuum concentrator which reduces the water content in the urea to as low as 1 

%. Finally, the resulting 98 % molten urea is sent to the prilling stage, where urea 

prills are formed. The model developed for this study is a simple mass balance 

consisting of the units described above and is calibrated to an earlier ammonia 

production study (Dybkjaer, 1990). The model is designed in a way such that 

additional CO2 is added in order to ensure the all the NH3 is reacted. The process flow 

is summarised in Figure 8-2. Finally, the direct emissions from the different units in 

the manufacture of urea and ammonia are presented in Appendix 4.  
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Figure 8-2: Ammonia and urea processes LCI model, inputs, outputs and key operational   
parameters. 

8.2 Fertilizer Application 

Soils fertilized with nitrogen chemical fertilizers are a source for emissions. The 

different pathways for which these emissions occur are:  

• Volatilisation producing NH3 and NOx, Emission factors for NH3 and NOx 

volatilisation = 0.1 kg N/kg of chemical fertilizer applied (Mosier et al., 

1998b). 

• GHG emissions which occur from Urea hydrolysis (the release of CO2 after 

application, equivalent to the CO2 fixed during urea production); direct N2O 

from use; indirect N2O via NH3; indirect N2O via NO3 and CO2 from liming 

(Mosier et al., 1998b; Brentrup and Pallière, 2008).  

 

The following calculations are used in the derivation of the GHG emission factors 

presented in Table 8-1 (Brentrup and Pallière, 2008):  

• Direct N2O emissions are due to nitrification and denitrifcation. The emission 

factor is based on a value of 1.25 ± 1.0 % N2O-N of fertilized N applied 

(Bouwman, 1996).  

• In-direct N2O emissions are related to the N2O emissions from N fertilizer that 

are initially emitted via NH3 and deposited through atmospheric deposition. 

N2O emission from deposition NH3 is NH3 - N = 1 % 

• In-direct N2O emissions resulting from fertiliser – N, which is initially lost to 

groundwater via NO3 leaching and is subsequently denitrified.  

• The average leaching loss considered is 30 % of all applied nitrogen.  

• The N2O – N emission from leached NO3-N is 0.75 %.  

     Table 8-1: GHG emission factors used to estimate emissions from the application 
of urea (Brentrup and Palliere, 2008). 

Source kg kg CO2-eq. 
Urea hydrolysis (from model) 0.73 0.73 
Direct N2O from use 7.94 ×10-3 2.35 
Indirect N2O via NH3 1.23 × 10-3 0.36 
Indirect N2O via NO3 1.62 × 10-3 0.48 
CO2 from liming and CAN1 0.36 0.36 
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8.3 Livestock management LCI model  

Two manure storage types are considered in the development of the livestock 

management LCI model; (1) the storage of manure in liquid systems, and (2) solid 

storage (dry-lot) as described in IPCC (2006). In order to consider the uncertainty in 

the livestock LCI model imposed by the low accuracy associated with the use of 

generic Tier 1 factors, a  50%−
+  variability range is applied to the relevant emission 

factors highlighted in section 8.3.1 enabling the computation of possible upper and 

lower ranges of emissions. The livestock LCI model developed uses the expected 

type and quantity of livestock specific to the Qatar 2025 case study as presented in 

Table 8-2 (QNFSP, 2013). 

 
                                                      Table 8-2: Livestock under management in the Qatar 2025 case study. 

 

 

Where AAP is the average annual population, NAPA is the number of animals 

produced annually (QNFSP, 2013).  

AAP is calculated using the following expression (IPCC, 2006): 

𝐴𝐴𝐴𝐴𝑃𝑃 = 𝐷𝐷𝑎𝑎𝑎𝑎𝑠𝑠 𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑒𝑒 ×  
𝑁𝑁𝐴𝐴𝑃𝑃𝐴𝐴

365
 (8-1) 

1 Calcium ammonium nitrate  

Animal Days alive NAPA AAP 
Beef 420 7,104.5 8,175 
Broiler 60 12,156,536.7 1,998,335 
Dairy 1800 23,681.8 116,787 
Sheep/goat 120 1,201,746.1 395,095 
Layers 144 696,832.4 274,915 
Camel meat 1440 45,733.2 180,427 
Total 3984 14,131,634.7 2,973,733 
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 Estimation of GHG Emissions 8.3.1

Methane Emissions from enteric fermentation: CH4 produced as by-product of the 

digestive process where carbohydrates are broken down by micro-organisms into 

simple molecules for absorption into the blood stream.  

𝐸𝐸𝑚𝑚𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑒𝑒𝑠𝑠 = 𝐸𝐸𝐹𝐹𝑙𝑙𝑓𝑓  ×  𝑁𝑁𝑇𝑇       (8-2) 

Where 𝐶𝐶𝐻𝐻4 emissions from enteric fermentation are measured in kg/year, 𝐸𝐸𝐹𝐹𝑇𝑇 is the 

emission factor for the defined livestock population in kg CH4/head/year, 𝑁𝑁𝑇𝑇 is the 

number of head of livestock species in category 𝑇𝑇. The uncertainty in 𝐸𝐸𝐹𝐹𝑙𝑙𝑓𝑓 is 

considered to be in the range of  50%−
+ . 

Methane emissions from manure management: The decomposition of manure in 

anaerobic conditions during both storage and treatment produces CH4. The quantity 

of CH4 released into the atmosphere is dependent on the amount of manure produced 

and the portion that decomposes anaerobically. The former depends on the rate of 

waste produced by each animal and the number of animals. The latter is related to 

how the manure is managed. When manure is stored or treated as a liquid, it 

decomposes anaerobically and can produce significant quantities of CH4. When 

manure is handled as a solid, it decomposes under aerobic condition releasing a 

smaller quantity of CH4. 

𝐸𝐸𝑚𝑚𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑜𝑜𝑒𝑒𝑠𝑠 = 𝐸𝐸𝐹𝐹𝑎𝑎𝑎𝑎  ×  𝑁𝑁𝑇𝑇     (8-3) 

Where 𝐶𝐶𝐻𝐻4 emissions from manure management are measured in kg/year, 𝐸𝐸𝐹𝐹𝑎𝑎𝑎𝑎 is 

the emission factor for the defined livestock population in kg CH4/head/year, 𝑁𝑁𝑇𝑇 is 

the number of head of livestock species in category 𝑇𝑇. The uncertainty in 𝐸𝐸𝐹𝐹𝑎𝑎𝑎𝑎 is 

considered to be in the range of  50%−
+ . 

Direct Nitrous Oxide emissions from manure management: This is related to 

estimating the direct and indirect N2O emissions during the storage and treatment of 

manure. The direct emissions are a result of the combined effect of nitrification and 

denitrifcation of the nitrogen contained in the animal waste (manure).  
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   𝑁𝑁2𝑂𝑂𝐷𝐷(𝑎𝑎𝑎𝑎) = �����𝑁𝑁𝑇𝑇 × 𝑁𝑁𝑒𝑒𝑀𝑀𝑇𝑇 × 𝑀𝑀𝑆𝑆𝑇𝑇,𝑆𝑆�
𝑇𝑇

�
𝑆𝑆

× 𝐸𝐸𝐹𝐹𝑆𝑆� ×
44
28

 (8-4) 

Where 𝑁𝑁2𝑂𝑂𝐷𝐷 𝑎𝑎𝑎𝑎 is the direct N2O emissions from manure management in kg/year, 

𝐸𝐸𝐹𝐹𝑆𝑆 is the emission factor for direct N2O emissions from the manure management 

system S measured in kg of N2O-N/kg N in manure management system 𝑆𝑆, 𝑁𝑁𝑇𝑇 is the 

number of head of livestock species in category T, 𝑁𝑁𝑒𝑒𝑀𝑀𝑇𝑇 = annual average N 

excretion per heard of species for category 𝑇𝑇 measured in kg N/animal/year, 𝑀𝑀𝑆𝑆𝑇𝑇,𝑆𝑆 is 

the fraction of total annual nitrogen excretion for each livestock species in category 𝑇𝑇 

managed in manure management system 𝑆𝑆. With regards to sources of uncertainty, 

the nitrogen excretion rate 𝑁𝑁𝑒𝑒𝑀𝑀𝑇𝑇: is in the range of  50 % −
+ , and for 𝐸𝐸𝐹𝐹𝑆𝑆 is a factor of 

2. 

Indirect N2O emissions from manure management: The indirect emissions are 

related to the volatile nitrogen losses which take the form of NH3 and NOx. Nitrogen 

in the volatilized form of ammonia is usually deposited away from the manure site 

itself. 

  𝑁𝑁𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖𝑧𝑧𝑎𝑎𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖−𝑀𝑀𝑀𝑀𝑆𝑆 = �����𝑁𝑁𝑇𝑇 × 𝑁𝑁𝑒𝑒𝑀𝑀𝑇𝑇 × 𝑀𝑀𝑆𝑆𝑇𝑇,𝑆𝑆�
𝑇𝑇

� �
𝐹𝐹𝑏𝑏𝑎𝑎𝐴𝐴𝐺𝐺𝑎𝑎𝑔𝑔𝑀𝑀𝑆𝑆

100
�
𝑇𝑇,𝑆𝑆𝑆𝑆

� (8-5) 

Where 𝑁𝑁𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖𝑧𝑧𝑎𝑎𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖−𝑀𝑀𝑀𝑀𝑆𝑆 is the amount of manure nitrogen that is lost due to 

volatilisation of NH3 and NOx in kg N/year, 𝑁𝑁𝑇𝑇 is the number of head of livestock 

species in category 𝑇𝑇, 𝑁𝑁𝑒𝑒𝑀𝑀𝑇𝑇 is annual average N excretion per heard of species for 

category 𝑇𝑇 measured in kg N/animal/year, 𝑀𝑀𝑆𝑆𝑇𝑇,𝑆𝑆 is the fraction of total annual 

nitrogen excretion for each livestock species in category 𝑇𝑇 managed in manure 

management system (𝑆𝑆) , 𝐹𝐹𝑏𝑏𝑎𝑎𝐴𝐴𝐺𝐺𝑎𝑎𝑔𝑔𝑀𝑀𝑆𝑆 is the fraction of managed manure nitrogen for 

livestock category 𝑇𝑇 that volatilises as NH3 and NOx in the manure management 

system (𝑆𝑆).  

    𝑁𝑁2𝑂𝑂𝐺𝐺 𝑎𝑎𝑎𝑎 = (𝑁𝑁𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖𝑧𝑧𝑎𝑎𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖−𝑀𝑀𝑀𝑀𝑆𝑆 × 𝐸𝐸𝐹𝐹𝐺𝐺 𝑎𝑎𝑎𝑎) ×
44
28

 (8-6) 
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Where 𝑁𝑁2𝑂𝑂𝐺𝐺(𝑎𝑎𝑎𝑎) is the indirect N2O emissions due to volatilization of N from 

manure management in kg N2O/year, 𝐸𝐸𝐹𝐹𝐺𝐺 𝑎𝑎𝑎𝑎 is the emission factor for N2O 

emissions from atmospheric deposition of nitrogen on soils and water surfaces, kg 

N2O-N / (kg NH3 – N + NOx – N volatilised). 

With regards to the sources of uncertainty, 20 - 60 % for 𝐹𝐹𝑏𝑏𝑎𝑎𝐴𝐴𝐺𝐺𝑎𝑎𝑔𝑔𝑀𝑀𝑆𝑆, 0.05 – 0.002 kg 

N2O-N / (kg NH3 – N + NOx – N volatilised) for 𝐸𝐸𝐹𝐹𝑎𝑎𝑎𝑎. 

Direct N2O emissions from managed soils: These emissions are related to human 

induced nitrogen addition to the soils through a variety of sources. The increase in 

nitrogen enhances nitrification and denitrifcation rates which in turn increase the 

production of N2O. This sub-system only considers the emissions related to the 

application of manure on soils in the case that manure is spread daily. 

         𝑁𝑁2𝑂𝑂𝐷𝐷𝑖𝑖𝑟𝑟𝑙𝑙𝑙𝑙𝑎𝑎 − 𝑁𝑁 = (𝐸𝐸𝐹𝐹𝐷𝐷  ×  𝐹𝐹𝑏𝑏𝑖𝑖) (8-7) 

Where 𝑁𝑁2𝑂𝑂𝐷𝐷𝑖𝑖𝑟𝑟𝑙𝑙𝑙𝑙𝑎𝑎 is the annual direct N2O – N emissions produced from managed 

soils in kg N2O -N/year, 𝐸𝐸𝐹𝐹𝐷𝐷 is the emission factor for N2O emissions from urine and 

dung N deposited on pasture in kg N2O- N per kg N input. The uncertainty for 𝐸𝐸𝐹𝐹𝐷𝐷 is 

in the range of 0.03 – 0.002 kg N2O- N per kg N input.  

Indirect N2O emissions from managed soils: The indirect emissions occur due to 

volatilisation of N as NH3 and NOx and the deposition of the gases and their products 

𝑁𝑁𝐻𝐻4+and 𝑁𝑁𝑂𝑂3− onto soils and the surface of water bodies. The nitrification and 

denitrifcation processes transform these gases into N2O. 

   𝑁𝑁2𝑂𝑂𝐴𝐴𝑇𝑇𝐷𝐷 − 𝑁𝑁 = (𝐸𝐸𝐹𝐹𝐴𝐴𝑇𝑇𝐷𝐷  ×  𝐹𝐹𝑏𝑏𝑖𝑖  ×  𝐹𝐹𝑏𝑏𝑎𝑎𝐴𝐴𝐺𝐺𝐴𝐴𝑆𝑆𝑀𝑀) × 44
28

                                             (8-8) 

Where 𝑁𝑁2𝑂𝑂𝐴𝐴𝑇𝑇𝐷𝐷 − 𝑁𝑁 is the annual amount of N2O – N produced from the atmospheric 

deposition of N volatilised from managed soils in  kg N2O -N/year., 𝐹𝐹𝑏𝑏𝑎𝑎𝐴𝐴𝐺𝐺𝐴𝐴𝑆𝑆𝑀𝑀 is the 

fraction of applied organic N fertiliser materials and 𝐸𝐸𝐹𝐹𝐴𝐴𝑇𝑇𝐷𝐷 is the emission factor for 

N2O emissions from urine and dung N deposited on pasture in N2O- N per kg N 

input.  

The uncertainty considered for 𝐸𝐸𝐹𝐹𝐴𝐴𝑇𝑇𝐷𝐷 is 0.05 – 0.002 kg N2O-N / (kg NH3 – N + NOx 

– N volatilised) and for 𝐹𝐹𝑏𝑏𝑎𝑎𝐴𝐴𝐺𝐺𝐴𝐴𝑆𝑆𝑀𝑀 0.5 – 0.05 kg NH3 – N + NOx / kg N applied. 
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 Estimation of Non-GHG Emissions 8.3.2

Emission factors from virtual farms are used in the compilation of the LCI for the non 

GWP related emissions, which vary depending on the manure management method 

employed and the emission factor used (Spellman and Whiting, 2007). The emissions 

include NH3, VOC, H2S and PM10 which feature in the human toxicity and 

acidification potential impact categories. The virtual farms are described in terms 

animal units (AU) which are determined using the animals per AU density from 

Spellman and Whiting (2007) and the 𝐴𝐴𝐴𝐴𝑃𝑃 (Table 8-2) as presented in Table 8-3. 

They are used to compile the emissions for a virtual livestock management system 

(ID-B1) which are presented in Table 8-4 (Spellman and Whiting, 2007). A 

sensitivity analysis with a 50 % range for the emission factors is used to access 

whether variations in emission factors have an influence on the overall trend on the 

nexus performance results.  

The total non- GHG emission from the livestock sub-system: 

�𝐴𝐴𝑃𝑃𝑃𝑃 ×
𝐴𝐴𝑈𝑈
500

𝑖𝑖

𝑖𝑖=1

 
(8-9) 

Where 𝑒𝑒 is the animal category and AU is the number of animal units.  

Table 8-3: Derivation of Animal Units (AU) for the Qatar 2025 case study. 

 

 

 

 

 

   * Layers are egg laying poultry birds 

 

Table 8-4: non-GHG emission factors for a ID-B1 livestock management system (Spellman 
and Whiting, 2007). 

Animal AAP Animals/AU No. of AU AU/500 
Beef 8,175 1 8,175 16.35 
Broiler 1,998,335 100 19.983 39.97 
Dairy 116,787 0.7 166,838 333.68 
Sheep/goat 395,095 1 385,094 790.19 
Layers* 274,91 100 2,749 5.50 
Camel meat 180,427 0.7 257,752 515.51 
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8.4 Nitrogen Budget  

In theory, all sub-systems within the EWF Nexus can be related to one and another 

through biogeochemical cycles such as the nitrogen cycle (Galloway et al., 1995; 

Galloway, 1998; Jenkinson, 2001). The analysis of the nitrogen cycle can provide a 

local, regional or national indication as to the extent of environmental degradation 

that has taken place due to anthropogenic activities and the deviation from natural 

conditions. Considering the food nexus element, the increased use of nitrogen 

fertilizers will increase nitrification and denitrification rates, which in turn will result 

in increased N2O formation (Mosier et al., 1998b).  

A thorough analysis of the nitrogen cycle will provide greater insight into resource 

utilisation and emissions from agricultural practices within the food sub-systems. 

Such analysis is required to ensure the responsible management of nitrogen which 

entails the addition of enough nitrogen to maintain soil N (and maintain crop yields) 

whilst minimising the surpluses that leak to air and water (Janzen et al., 2003). In 

summary, the main processes that affect nutrient supplies in agricultural systems 

(OECD, 2001): 

a) Direct input of nutrients in the form of: chemical fertilizers, livestock manure, 

crop residue and sewage sludge, biological nitrogen fixation (from legume 

crops e.g. soya-beans and rice paddies), legume pastures (e.g. clover) and 

atmospheric deposition of nitrogen containing precipitation and dust which 

can originate from both agro and industrial systems.  

Animal H2S PM10 VOC 
 EF 1 Total 

(kg) 
EF 1 Total 

(kg) 
EF 1 Total (kg) 

Beef 11,200 183,121 32,00 52,320 n/a n/a 
Broiler 13,000 519,567 2,100 83,930 n/a n/a 
Dairy 26,000 8,75,589 600 200,205 1,100 367,044 
Sheep/goat n/a n/a n/a n/a 20 n/a 
Layers 13,000 71,477 2,100 11,546 n/a n/a 
Camel meat 26,000 13,403 600 309,303 1,100 567,056 
Total  657,306  3,311,811  934,100 
1Emission factors (EF) are provided in terms of kg/500 AU. 
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• N absorbed by plants, harvested and returned to the soil is not considered. 

This is because they have never left the system and as such are considered 

neither a loss nor a gain. In the case study considered by Janzen et al., (2003), 

N added from manure within Canadian farms is not considered as input.  

• Only the net gaseous emissions are considered. For instance, the portion of 

NH3 that is not re-deposited is considered lost. 

• Only the N lost to streams, lakes and oceans is considered. The N removed 

from the soil by erosion and deposited elsewhere on agricultural land is not 

considered as a loss.  

• The net mineralisation (mineralisation – immobilisation) is specific to the soil 

in which data specific to Qatar is not available. Brentrup et al. (2004) and 

Janzen et al. (2003) assume that the net mineralisation is negligible over long 

periods of time when the soil organic matter is at steady state. Therefore the 

LCI model developed in this research will consider that the net mineralisation 

is negligible.  

With reference to Figure 8-3 and the assumptions stated above, the N gain of the 

system is the sum of: a = biological fixation; b = industrial fixation (fertilizer inputs); 

c = atmospheric fixation. The N loss from the system includes: d = N removed in 

plant products; e = N removed in animal products; f = N lost as N2, N2O, NO, NO2 

and NH3, g = N leached to ground water; and (Janzen et al., 2003). Therefore, the net 

N gain of an agricultural eco-system is calculated as the difference between inputs 

and outputs: 

𝑁𝑁𝑔𝑔 = (𝑎𝑎 + 𝑏𝑏 + 𝐴𝐴) − (𝑑𝑑 + 𝑒𝑒 + 𝑜𝑜 + 𝑔𝑔) 

𝑁𝑁𝑔𝑔 = (𝐼𝐼𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏 + 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖 + 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎) − (𝐸𝐸𝑝𝑝𝑏𝑏𝑎𝑎𝑖𝑖𝑎𝑎 + 𝐸𝐸𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎 + 𝐸𝐸𝑏𝑏𝑙𝑙𝑎𝑎𝑙𝑙ℎ + 𝐸𝐸𝑔𝑔𝑎𝑎𝑔𝑔) 
(8-10) 

Where  𝑁𝑁𝑔𝑔 is the net N gain (Tg N year-1),  𝐼𝐼𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏, 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖 , 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎 are the N inputs from 

biological, industrial and atmospheric fixation respectively (Tg N year-1),  𝐸𝐸𝑝𝑝𝑏𝑏𝑎𝑎𝑖𝑖𝑎𝑎 +

𝐸𝐸𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎 + 𝐸𝐸𝑏𝑏𝑙𝑙𝑎𝑎𝑙𝑙ℎ + 𝐸𝐸𝑔𝑔𝑎𝑎𝑔𝑔 is the N export via plant products, animal products, leaching 

and gaseous emission respectively (Tg N year-1). 

Internal flows within the agricultural eco-system are required to calculate the total 

outputs and are detailed as follows (Janzen et al., 2003): h = total plant N uptake; i = 
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N removed fields in products for export, products for livestock feed, residues for 

livestock feed and residues for export; j = N returned to the land in plant parts (crop 

residues and grain used for seed); k = N plant parts used for livestock feed; l – N from 

livestock not exported (primarily animal manure); m = N in insoluble organic 

compounds from livestock; n = N in soluble compounds from livestock (primarily 

NH3); o = N mineralised from organic matter. When soil oil organic matter is at 

steady state, then o = j +m. 

For the different nitrogen inputs and outputs discussed below, the respective nitrogen 

budget for the EWF Nexus tool developed in this research is presented in the 

integrated results section in which three scenarios are considered for the Qatar case 

study used to illustrate the model functionality: (1) normal business as usual scenario 

(without the integration of biochar); (2) the integration of biochar; (3) 0 %, 50 % and 

100 % egg production cases.   

 

  Nitrogen Budget Inputs 8.4.1

I. Biological Nitrogen Fixation (BNF):  

This parameter is governed by the fixation that occurs from soil organisms and the 

fixation from legumes such as alfalfa and soybeans (symbiotic fixation). The 

handbook for nitrogen budgeting, defines the fixation from leguminous crops as “the 

amount of N fixed in the soil by symbiotic bacteria and is directly related to the area 

under the crop” (EUROSTAT, 2007): 

Mosier et al. (1998b) estimated the N input from BNF by assuming that the total crop 

biomass is about twice the mass of the edible crop and a certain nitrogen uptake of 

0.3 kg N/kg of dry biomass. Janzen et al. (2003) calculated biological/symbiotic 

fixation by estimating N yields from legumes and the fraction of N which originated 

from the air.  For consistency, BNF factors from Janzen et al. (2003) will be utilised 

as presented in Table 8-5.  

 

Table 8-5: Estimation of annual symbiotic nitrogen fixation in agro-eco-systems specific to 
the Qatar case study. 

  187 



Food sub-system LCI Model Development 

(a) N
DF
A: 

pro
por
tion 

of 
nitr
oge

n 
derived from the atmosphere through BNF               (Janzen et al., 2003).  

(b) Field crops include; onions, potatoes, brassicas. 
(c) Fruits were assumed to have NDFA as vegetables and field crops.  

 

 

II. Chemical fertilizers from industrial nitrogen fixation (INF): 

The total urea input into the system is 6,813 tonnes. Considering the nitrogen content 

of urea (46 %), the total N input is calculated to be 27,207 tonnes of N (0.027307Tg). 

III. Atmospheric nitrogen fixation (ANF) in kg N: 

As described earlier, the atmospheric deposition is small especially if lightning is not 

prevalent. However, if the farm land is located in close proximity to an industrial 

setting then it can be subject to the deposition of wet or dry NH3 and other N gases.  

Pending a suitable coefficient specific for Qatar or a similar climate, 5 kg N/ha/year. 

will be used (Janzen et al, 2003). 

𝐴𝐴𝑁𝑁𝐹𝐹 = 𝑈𝑈𝑒𝑒𝑖𝑖𝑎𝑎𝑖𝑖𝑠𝑠𝑒𝑒𝑑𝑑 𝑎𝑎𝑔𝑔𝑏𝑏𝑖𝑖𝐴𝐴𝐴𝐴𝑎𝑎𝑒𝑒𝐴𝐴𝑏𝑏𝑎𝑎𝑎𝑎 𝑎𝑎𝑏𝑏𝑒𝑒𝑎𝑎 × 𝑁𝑁 𝑑𝑑𝑒𝑒𝑎𝑎𝑜𝑜𝑠𝑠𝑖𝑖𝑒𝑒𝑖𝑖𝑜𝑜𝑒𝑒 𝑏𝑏𝑎𝑎𝑒𝑒𝑒𝑒   (8-11) 

Where area is measured in (ha) and N deposition rate in (kg N/ha).  

Considering that the agricultural area is fixed amongst all scenarios considered in the 

nitrogen budget LCI model development (Table 5-5), the total ANF calculated for the 

Qatar case study presented in this research is 46,990 kg N/year. It should be noted 

that some farms may receive larger amounts of N through the atmosphere originating 

from nearby livestock operations. This can reach up to 50 kg N/ha/year. However, it 

is not considered a net N input as it recycled from other systems (Janzen et al., 2003). 

 

Crop 
Area Total N 

uptake NDFA N fixed 

(ha) (Tg N/) 
 

(Tg N) 
Other field crops 2,325.37 3.96 ×10-6 5.00 ×10-2 1.98 ×10-7 

Vegetables 504.92 1.03 ×10-6 5.00 ×10-2 5.15 ×10-8 
Fruits 5,851.11 2.99 ×10-6 5.00 ×10-2 1.49 ×10-7 
Total 8,681.40 7.98 ×10-6 1.50 ×10-1 3.99 ×10-7 
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 Nitrogen Budget Outputs 8.4.2

IV. Nitrogen exported in crops 

The total N uptake is calculated using the following expression: 

𝑁𝑁 𝐴𝐴𝑎𝑎𝑒𝑒𝑎𝑎𝑘𝑘𝑒𝑒 = �𝑌𝑌𝑝𝑝 × 𝑁𝑁𝑝𝑝� + (𝑌𝑌𝑎𝑎 × 𝑁𝑁𝑎𝑎) (8-12) 

Where 𝑌𝑌𝑝𝑝, 𝑌𝑌𝑎𝑎 is the dry matter yield of the product and above ground residue 

respectively, measured in Tg. 𝑁𝑁𝑝𝑝, 𝑁𝑁𝑎𝑎 are the N concentrations of product and above 

ground residue respectively measured in (g g-1 dry matter). 

The total N exported is then calculated using the following expression (Janzen et al., 

2003): 

𝑁𝑁 𝑒𝑒𝑀𝑀𝑎𝑎𝑜𝑜𝑏𝑏𝑒𝑒 = (𝑌𝑌𝑝𝑝 × 𝑁𝑁𝑝𝑝)(1 − 𝐹𝐹𝑏𝑏,𝑝𝑝 − 𝐹𝐹𝑔𝑔,𝑝𝑝) + (𝑌𝑌𝑎𝑎 × 𝑁𝑁𝑎𝑎)(1 − 𝐹𝐹𝑏𝑏,𝑎𝑎 − 𝐹𝐹𝑔𝑔,𝑎𝑎) (8-13) 

Where 𝐹𝐹𝑏𝑏,𝑝𝑝 is the fraction of the product used for livestock, 𝐹𝐹𝑔𝑔,𝑝𝑝 is the fraction of 

product return to the soil, 𝐹𝐹𝑏𝑏,𝑎𝑎 is the fraction of above ground residue used for 

livestock, 𝐹𝐹𝑔𝑔,𝑎𝑎 is the fraction of above round residue returned to the soil.  

V. Nitrogen exported in livestock and livestock products: 

Nitrogen exported in animal products is calculated using the following: dressed 

weight/live weight ratios, whole-animal protein content, and proportion of animal N 

returned to the agricultural eco-system. The following expressions are applied 

(Janzen et al., 2003): 

𝑁𝑁 𝐴𝐴𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑚𝑚𝑒𝑒𝑎𝑎𝑒𝑒 𝑎𝑎𝑏𝑏𝑜𝑜𝑑𝑑𝐴𝐴𝐴𝐴𝑒𝑒𝑖𝑖𝑜𝑜𝑒𝑒

𝑑𝑑𝑏𝑏𝑒𝑒𝑠𝑠𝑠𝑠𝑖𝑖𝑒𝑒𝑔𝑔 𝑎𝑎𝑏𝑏𝑜𝑜𝑎𝑎𝑜𝑜𝑏𝑏𝑒𝑒𝑖𝑖𝑜𝑜𝑒𝑒
 × 𝑎𝑎𝑏𝑏𝑜𝑜𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒 𝐴𝐴𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × 0.16 (8-14) 

Where 0.16 is the g N/g protein, dressing proportion ranges from (0.48 – 0.78), 

protein content of whole animals (0.13-0.19 g/g). An average dressing proportion of 

0.6 was considered. 

The N exported from livestock products in the form of eggs: 
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𝑁𝑁 𝑒𝑒𝑀𝑀𝑎𝑎𝑜𝑜𝑏𝑏𝑒𝑒 = 𝑒𝑒𝐴𝐴𝑚𝑚𝑏𝑏𝑒𝑒𝑏𝑏 𝑜𝑜𝑜𝑜 𝑒𝑒𝑔𝑔𝑔𝑔𝑠𝑠 × 6.25 × 0.16 (8-15) 

Where 6.25 is the g protein/egg.  

Table 8-6 presents the nitrogen exported from the agricultural eco-system from the 

livestock sector in the form of both meat and eggs. Due to the absence of data, milk 

has not been considered.  

VI. Nitrate leaching:  

The Nitrogen that is lost through nitrate leaching (NO3-N) can be estimated using 

several methods or assumptions. Brentrup et al. (2000) using the nitrogen budget 

estimated the N susceptible to leaching.  

         Table 8-6: Nitrogen exported in livestock meat (100 % egg production). 

(a) Layers not included in livestock for meat because they produce eggs. 
(b) The weight of each egg is assumed to be 75 g.  
(c) Average protein content 0.17 g/g was considered for all animals.  
(d) (%) retention is related to the total N content of the animal that is  

 returned to the soil.  
(e) Mill.Doz = million dozen 

 

The N that is actually leached in the form of 𝑁𝑁𝑂𝑂3− is dependent on soil and climate 

parameters (Brentrup et al., 2000): 

(a) Soil related parameters: field capacity in effective rooting zone (FCRZe) 

[mm]: 

Livestock for 
meat  

Production 
(Tg meat) 

N Content 
(Tg N) 

% 
retained d 

N removed 
 (Tg N) 

Beef 0.00 0.00 1.00 0.00 
Broiler 0.11 0.01 1.00 0.00 
Dairy 0.01 0.00 1.00 0.00 

Sheep/goat 0.02 0.00 1.00 0.00 
Camel meat 0.01 0.00 1.00 0.00 
Total animal 0.16 0.01 

 
0.01 

Livestock 
products 

Production 
(Mill. Doz)e 

N Content 
(Gg N) 

% 
retained d 

N removed 
 (Tg N) 

Eggs (a,b) 25.7 0.301 0 0.301 
Total sub-system    0.315 
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This parameter describes the capacity of the soil to absorb water within the part of the 

soil in which the roots are capable of water uptake. The FCRZe is calculated through 

the following expression:  

𝐹𝐹𝐶𝐶𝑅𝑅𝑅𝑅𝑙𝑙 = 𝐹𝐹𝐶𝐶𝑎𝑎  ×  𝑅𝑅𝑅𝑅𝑙𝑙 (8-16) 

Where 𝐹𝐹𝐶𝐶𝑎𝑎 is the available capacity measured in (mm.dm-1) and 𝑅𝑅𝑅𝑅𝑙𝑙 is the effective 

rooting zone measured in (dm).  

(b) Rate of drainage water and exchange frequency per year. 

The rate of water drainage water (Wdrain) is determined with the knowledge of the 

precipitation rate (Wprecip_year), its distribution throughout the year and the 

evapotranspiration rate. The expression for which is as follows:  

𝑊𝑊𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖 = 0.86 × 𝑊𝑊𝑝𝑝𝑟𝑟𝑙𝑙𝑙𝑙𝑖𝑖𝑝𝑝_𝑦𝑦𝑙𝑙𝑎𝑎𝑟𝑟 − 11.6 × �
𝑊𝑊𝑝𝑝𝑟𝑟𝑙𝑙𝑙𝑙𝑖𝑖𝑝𝑝_𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑙𝑙𝑟𝑟

𝑊𝑊𝑝𝑝𝑟𝑟𝑙𝑙𝑙𝑙𝑖𝑖𝑝𝑝_𝐶𝐶𝑖𝑖𝑖𝑖𝑎𝑎𝑙𝑙𝑟𝑟
� − 241.4 (8-17) 

Where   𝑊𝑊𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖, 𝑊𝑊𝑝𝑝𝑟𝑟𝑙𝑙𝑙𝑙𝑖𝑖𝑝𝑝_𝑦𝑦𝑙𝑙𝑎𝑎𝑟𝑟, 𝑊𝑊𝑝𝑝𝑟𝑟𝑙𝑙𝑙𝑙𝑖𝑖𝑝𝑝_𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑙𝑙𝑟𝑟 and  𝑊𝑊𝑝𝑝𝑟𝑟𝑙𝑙𝑙𝑙𝑖𝑖𝑝𝑝_𝐶𝐶𝑖𝑖𝑖𝑖𝑎𝑎𝑙𝑙𝑟𝑟 are all measured in 

(mm).  

The exchange frequency (𝑒𝑒𝑜𝑜) of the drainage water per year (mm/year) is a measure 

of the quantity of water that percolates through the soil profile into the ground. It 

directly reflects the share of nitrate lost via leaching is calculated using the following 

expression: 

𝑒𝑒𝑜𝑜 = 𝑊𝑊𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖  × 𝐹𝐹𝐶𝐶𝑅𝑅𝑅𝑅𝑙𝑙 (8-18) 

It is important to note that when the exchange frequency per year is equal or higher to 

1, it is considered that the entire nitrate is leached.  

The 𝐹𝐹𝐶𝐶𝑅𝑅𝑅𝑅𝑙𝑙 and 𝑊𝑊𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖 can be estimated using Qatar’s soil characteristics which are 

presented in Table 8-7 (ICARDA 2010). Following the calculation method used by 

Brentrup et al. (2000) the drainage in Qatar’s case is negative (calculated at -241.6 

mm), as the evapotranspiration is larger than the precipitation. Gross irrigation 

requirements are fundamentally based on the evapotranspiration of the crop in 

addition to the precipitation.  
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Table 8-7: General characteristics of Qatar's land profile. 
 
 
 
 
 
 
 
 

 

As such, one can assume that irrigation is supplied in exact proportion to the plant 

requirements and leaching is minimal. This pattern has been discussed elsewhere in 

literature e.g. Reynolds (1995) and MacDonald (2000). Furthermore, this assumption 

can be validated by the fact that nitrates are least present in Qatar’s ground water and 

do not pose as a potential hazard (Brentrup et al., 2000; Hashim, 2012). This 

assumption represents one extreme scenario. The alternative considers that nitrogen 

left over after conducting a nitrogen balance is available for leaching if water 

supplied is in excess. In estimating the NO3-N, the Janzen et al. (2003) assumed the 

following:  

(a) NO3-N is equivalent to 10 % of the N added from fertilizer – N, atmospheric – 

N and manure – N. 

(b) NO3-N is equivalent to 10 % of mineralized N which is the sum of the N 

added from crop residue and organic N in manure.  

The above are used in this research for the purposes of the Qatar case study. Although 

they can be considered to be a compromise between the two extreme cases discussed 

previously. However, in light of the above, the link between evapotranspiration (ET), 

potential evapotranspiration (PET), irrigation, nitrate leaching, soil holding capacity 

requires further research in order to ascertain Qatar nitrate characteristics.   

VII. Gaseous losses of N: 

Gaseous emissions in the form of N2, N2O, NO, NO2, NH3 are a result of the 

transformation of inorganic N compounds through different processes such as 

nitrification, denitrification and volatilisation.  

(a) Ammonia (NH3) volatilization: 

Parameter Description 
Soil texture Sandy 

Qatar  soil pH 8 
FCa 8 
RZe 4 

Wdrain(mm) -236 
FCRZe (mm) 24 
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Qatar registers high pH levels and is, therefore, sensitive to ammonia volatilization. 

As much as 50 % of soluble N excreted by livestock can be volatilised as ammonia at 

different stages; (1) immediately after excretion, (2) during manure storage, and (3) 

post land application. However, not all volatilised ammonia is lost from agricultural 

ecosystems as NH3 can be readily absorbed by vegetation, soils and surface water. 

Therefore, a large proportion can be re-deposited on site. Janzen et al. (2003) 

assumed that 30 % of the soluble manure – N and 5 % of urea fertilizer- N is 

volatilised. Furthermore, 70 % of the volatilised N is re-deposited and does not leave 

the agricultural eco-system. This study will utilise the NH3 emissions from the 

application of fertilizer and manure management detailed in sections 8.2 and 8.3 

respectively with a redeposit factor of 70 %.  

 

 

(b) Nitrous Oxide (N2O) Emissions:  

Denitrification and nitrification are both responsible for N2O emissions. Janzen et al. 

(2003) considered that 10 % of soluble N entering the agricultural eco-system 

fertilizer, atmospheric inputs and readily available N in manure is lost through the 

denitrification process. The N lost through nitrification is considered negligible. The 

direct and in-direct emissions of N2O from the application of fertilizer and manure 

management are detailed in sections 8.2 and 8.3 respectively. 

(c) Nitrogen gas (N2): 

The denitrification process reduces the N surplus in the soil through losses of N in the 

form of to N2O and N2. Unlike N2O, N2 is not considered an environmental hazard. 

The nitrogen budget handbook states that there is no satisfactory method of separating 

N2 releases from the polluting N2O emissions.  

As such, N2 has been omitted from the budget (EUROSTAT, 2007). However, 

Brentrup et al. (2000) assumed that 9 % of N-applied is emitted as N2 which is 

considered in this research. 

This section presented the LCI models for the sub-systems within the food nexus 

element and implement this for the Qatar case study. The environmental burden from 
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primary agricultural activities in addition to the industrial production of fertilize are 

calculated. The results from this work are in line with literature studies confirming 

that vast quantities of manure biomass excreted by livestock annually present a 

hazard to the environment through the release of significant emissions. Considering 

the composition of the waste manure, its energy potential can be extracted through the 

application of thermal processes as detailed in the proceeding section which also 

considers the integration of carbon dioxide capture as a GHG impact mitigation 

method.  
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 Waste Management LCI Model Chapter 9
Development  

In line with the principles of closed loop system engineering and industrial ecology, 

the waste management LCI model advances the de-materialisation of the EWF 

Nexus through the substitution of primary raw material (i.e. natural gas). The first 

part of this chapter details the LCI model development for the cross cutting sub-

system which utilises waste from the food sub-system to generate power within the 

EWF Nexus. The second part details the integration of carbon capture technology 

within sub-systems developed as part of the EWF Nexus tool and the corresponding 

LCI model. Furthermore, illustrating the model functionality, LCI model outputs 

relevant to the Qatar case study are provided throughout the chapter. 

As detailed in section 8.3, the storage or use of manure represents a significant 

source for emissions and environmental degradation. Such adverse impacts can be 

reduced if the manure is recycled into useful products i.e. conversion of waste 

manure to power. The following definitions are important in understanding biomass 

composition: 

• As-received (ar): weight percentage from the material in its original form 

(including ash and moisture). 

• Dry basis (db): weight percentage from dry material (including ash).   

• Dry and ash free (daf): weight percentage from the dry and ash free material.  

• Dry loss (%): moisture content of biomass. 
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• Proximate analysis: ash content, water content (dry loss %), volatile matter 

content (VM %), fixed carbon content (FC %).  

• Ultimate analysis:  carbon, hydrogen, oxygen, nitrogen, sulphur. 

There are two main ways to convert the energy potential within biomass into a usable 

form; (1) biochemical conversion which involves conversion into gaseous fuels by 

fermentation of anaerobic digestion; and (2) thermochemical conversion technologies 

such as combustion, gasification and pyrolysis (Kumar, 2009). This study will only 

consider the thermochemical conversion through gasification as the waste 

management option of choice. Gasification has several advantages over combustion; 

(1) converts low value feed stocks to electricity and transportation fuels; (2) increases 

efficiency from the use of advanced technologies such as gas turbines from the 

utilisation of syngas; (3) generates less NOx and other emissions when compared to 

the combustion of syngas; and (4) the syngas used in BIGCC systems are cleared of 

contaminants such as nitrogen and sulphur efficiently, which reduce emissions 

(Kumar et al., 2009). In theory the net CO2 emissions from the gasification process is 

considered to be zero. This is because the carbon species released during gasification 

and combustion were originally removed from the atmosphere during photosynthesis. 

In this regard the carbon closure of the system can be defined as (Spath and Mann, 

2000): 

“the net amount of CO2 released from the system in relation to the amount being 

recycled between the power plant and the growing trees”  

It is likely that when a life cycle of the process is considered, the process is not 100 % 

neutral. The amount of CO2 released from the system includes the emissions from; 

farming operations that use fossil fuels, upstream energy consumption, transportation 

of the biomass to the power plant and from the power plant itself (Spath and Mann, 

2000). In the LCA study conducted by Spath and Mann (2000), it was found that the 

extent to which carbon closure is achieved is heavily dependent on how much CO2 is 

sequestered in the soil (terrestrial system) for which data varies significantly. The 

study concluded that in the worst case scenario (i.e. minimal carbon absorption); the 

net carbon closure is 95 %. In the best case scenario where carbon is absorbed at a 

rate of 1.9 Mg/ha, the net CO2 emissions from the system are found to be negative.  

Finally, the study concluded that GHG emissions from biomass production, 
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transportation and power production were 71 %, 14 % and 15 % respectively (Spath 

and Mann, 2000). 

The gasification process is considered a preferred technology for low grade fuels 

which can utilise several oxidizing agents; air, steam, air and steam, pure oxygen and 

pure oxygen with steam. The gasification of biomass with steam is also known as 

steam reforming. This is an endothermic process because it requires heat input to 

produce H2 and CO. The gasification of biomass using an air-steam mixture is an 

adiabatic process which produces a mixture rich in H2 in addition to CO (Gordillo and 

Annamalai, 2010). Gasification technology can consist of any of three types of 

technology (Bridgwater, 1995); fluidized bed, entrained flow and fixed bed gasifiers. 

The difference in the use of technology relates to how the biomass and oxidizer are 

transposed within the reactor (Gordillo and Annamalai, 2010; Thanapal et al., 2012). 

Table 9-1 details the primary heterogeneous chemical reactions that occur within the 

gasification process (carbon-steam, Boudouard, hydrogasification, water-gas shift, 

methanation). The reactions can be both endothermic and exothermic and can can 

have varying rates of reaction (Priyadarsan et al., 2004; Gordillo and Annamalai, 

2010).  

Table 9-1: Major reactions involved in the biomass gasification processes. 
Stage  Reactions Notes 

Combustion in 
combustion zone 

C + O2=CO2 
2C + O2=2CO 

 

Gasification in 
reduction zone 

C+H2O=CO+H2 
C+2H2O=CO2+2H2 

C+CO2=2CO 
C+2H2=CH4 
S+H2=H2S 

S+2CO=2COS 

 

Secondary reactions of 
primary gases in 

combustions zone 

CH4+2O2=CO2+2H2O 
2CO+O2=2CO2 
2H2+O2=2H2O 

 

Other reactions in 
reduction zone 

CH4+H2O=CO+3H2  
CO+H2O=CO2+H2  

CO2+H2S=COS+H2O 

Methane steam reforming 
Water gas shift reaction 

Carbon shift reaction 
 

The heterogeneous chemical reactions detailed in Table 9-1 represent three main 

processes which are characteristic of biomass gasification; (1) Pyrolysis, (2) partial 
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oxidation, and (3) reforming. Pyrolysis is the thermal decomposition of fuel in the 

absence of oxygen. At about 600 K, pyrolysis produces light volatiles, charcoal, and 

tars. At higher temperatures of about 1,000 K, the tar cracks to produce volatiles such 

as hydrocarbons, carbon oxides, hydrogen, and steam. Under partial oxidation, the 

fixed carbon is oxidized to produce oxidized products. Reforming in the presence of 

steam involves reactions between charcoal and other secondary products with steam 

to produce CO and H2. Therefore, biomass gasification produces volatiles, partially 

oxidized products, and CO and H2 after steam reforming (Gordillo et al., 2009). 

Considering the use of a fixed-bed gasifier, the gasification processes occur in four 

different zones known as drying, pyrolysis, gasification (or reduction) and 

combustion (or oxidation). In the oxidation zone the oxygen and the steam react with 

the remaining char from the reduction zone to produce CO2, CO, H2, and heat. The 

heat produced in the oxidation zone is carried up by convection and diffusion to the 

higher zones to supply the energy required for the gasification, pyrolysis and drying 

processes. In the reduction zone, the CO2 and H2, produced in the combustion zone 

and the remaining H2O from the combustion zone react with char that descends from 

the pyrolysis zone to produce more CO, CH4, and H2 (Gordillo et al., 2009). 

The composition of the output syngas generally consists of varying quantities of CO, 

CO2, CH4, N2, H2 and H2S, whilst other compounds are considered to be in trace 

amounts (Gordillio, 2007). The proportion of each species depends on the fuel input, 

gasifier technology and process conditions. In some cases different types of fuel can 

be blended prior to entering the gasifier. For instance, Priyadarsan et al. (2005) 

studied the gasification of coal, feedlot and chicken litter biomass including the co-

gasification of blended fuel types using an experimental procedure. The main 

conclusion to draw for this study is that the gasification of biomass produces more H2 

than gasification of coal because biomass has a larger hydrogen content and volatile 

matter than coal. Considering the gasification of the different fuel types, the typical 

molar composition of the different species within the syngas are in the range of (on 

dry basis); 27–30 % CO, 7 – 10 % H2, 1 – 3 % CH4, 2 – 6 % CO2, and 51 – 63 % N2, 

with a HHV ranging from 4,500 – 5,120 kJ/kg.   

Gordillo and Annamalai (2010) studied using an experimental procedure, the 

gasification of dairy biomass and the resulting composition of syngas when varying; 
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(1) air requirement governed by the equivalence ratio (ER), and (2) steam governed 

by the steam to fuel ratio (S:F). It was concluded that for operating conditions of (1.6 

< ER < 6.4 and 0.4 < S: F < 0.8), the molar composition of the different species within 

the syngas are in the range of (on dry basis); 4.77 % – 11.73 % CO, 13.4 8 % – 

25.45% H2, 11 % – 25.2 % CO2, 0.4 3% – 1.73 % CH4 and 0.2 % – 0.69 % C2H6. 

Similarly, Priyadarsan et al. (2004) studied through an experimental procedure the 

air-blown gasification of feedlot manure and poultry litter biomass individually and in 

combination using a fixed bed gasifier. Considering the gasification of the different 

fuel types operating at a temperature of ~1000 K, the typical molar composition of 

the different species within the syngas are in the range of (on dry basis); 23–30 % 

CO, 4 – 7 % H2, 0.3 – 1.4 % CH4, 3 – 9 % CO2 with a HHV ranging from 4.0−+0.3 

MJ/m3 (db) or 10.3−+0.7 MJ/m3(db and nitrogen free). 

 

9.1 Gasification LCI Model Development  

The model assumes that dairy manure is a representative composition for all 

livestock manure with the composition presented in Table 9-2 (Gordillo and 

Annamalai, 2010).  

                                           Table 9-2: Composition of manure considered in the Qatar case study. 
Parameter Value 

Dry Loss % 25.26 
Ash % 14.95 
VM % 46.84 
FC % 12.95 
C % 35.27 
H % 3.1 
N % 1.9 
O % 19.1 
S % 0.42 
HHV (kJ/kg) 12.844 
HHVdaf (kJ/kg) 21.482 
HHVdb (kJ/kg) 17.185 

                                                                              

Furthermore, the study assumes that the manure is collected every two months 

reducing the manure emissions by a factor of six in line with the LCA study 

developed conducted by Wu et al., (2013). Emissions from the collection of manure, 
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its transport to and from industrial sites and the handling equipment are not 

considered.  

Within literature, gasification processes have mainly been studied through 

experimental evaluations. The molar composition of the product gas from gasification 

can be predicted using (i) mass and energy conservation equations for assumed 

species, and (ii) chemical equilibrium calculations with a larger number of species, 

including trace species. For instance, Gordillo (2007) and Gordillo et al. (2009) 

modelled the gasification of coal and dairy manure using air-steam mixtures as the 

oxidising agent. The study utilised a mass balance and a chemical equilibrium 

approach to predict the composition of syngas for an adiabatic system using varying 

quantities of air and steam. The study reported minor variations in the predicted 

composition of syngas when either of the two predictive methods are used. This 

research utilises the chemical equilibrium methodology as described below. 

  

 Chemical model  9.1.1

The gasification LCI model is based on a chemical equilibrium model developed by 

Nie et al., (2015), in which biomass is converted to gaseous products using oxygen 

and steam at high a temperature and pressure. As detailed previously, the 

composition of the syngas depends on the feed (manure composition, oxygen and 

steam), the temperature and pressure in the gasifier. The chemical equilibrium model 

developed is capable of calculating the: 

• syngas composition per unit input of manure,  

• calorific value of syngas and the gasification efficiency, 

• relative amounts of oxygen and/or steam and/or heat required per unit manure 

input.                    

Figure 9-1 illustrates the input-output gasification LCI model in which calculations 

are based on thermodynamics, mass and energy balances and process conditions 

(Table 9-3) and the manure input in which its empirical formula is presented in Table 

9-4. 
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Figure 9-1: The Scheme of biomass/manure gasification processes LCI model       

developed.  

                                                                                           Table 9-3: Operational Parameters considered in the gasification LCI model.  
Parameters  Value  Units 

Biomass basis  1 kg 
Oxygen/carbon ratio (mol)  0.48 n/a 
Steam/carbon ratio (mol) 0.465 n/a 
Gasification zone temperature 900 K 
Operational pressure 10 bar 

 

Table 9-4: Calculation of biomass empirical formula using weight % (100g basis). 

 
C H O N S 

WT (%) 35.27 3.1 19.1 1.9 0.42 
MW (Molecular Weight) 12.01 1.01 15.99 14.01 32.07 
No. mol = Wt (g)/MW 2.94 3.08 1.19 0.14 0.013 
No. mol/No. mol of Carbon 1 1.05 0.41 0.05 0.0045 
Mole ratio (Gordillo et al., 2009) 1 1.06 0.41 0.05 0.0045 

Molecular weight of manure (CH1.047O0.407N0.046S0.0045)  = 20.36 kg/kmol.                   

The chemical equilibrium model developed is applied to the global gasification 

process also known as single step stoichiometric equilibrium model (Zainal et al., 

2001). The procedure integrates the different reactions detailed in Table 9-1 into one 

complex general reaction. Essentially one mole of biomass with an empirical formula  

(CH1.047O0.407N0.046S0.0045) is gasified with 𝐴𝐴 mole of steam and 𝑏𝑏 mole of air 

producing a syngas with molar quantities 𝑁𝑁𝑖𝑖 as presented in equation (9-1). 

𝐶𝐶𝑎𝑎1𝐻𝐻𝑎𝑎2𝑂𝑂𝑎𝑎3𝑁𝑁𝑎𝑎4𝑆𝑆𝑎𝑎5𝑎𝑎𝑠𝑠ℎ + 𝑏𝑏(𝑂𝑂2 + 3.76𝑁𝑁2) + 𝐴𝐴𝐻𝐻2𝑂𝑂 → 𝑁𝑁𝐶𝐶𝑂𝑂2 + 𝑁𝑁𝐶𝐶𝑂𝑂 + 𝑁𝑁𝐻𝐻2 +                    

Manure 

Steam     

Oxygen 

Electricity  

Syngas 

Ash  

Biochar 

  

Operational Parameters:    

Manure composition                     

Temperature                             

Pressure      
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𝑁𝑁𝐻𝐻2𝑂𝑂 + 𝑁𝑁𝐻𝐻2𝑆𝑆 + 𝑁𝑁𝐶𝐶𝑂𝑂𝑆𝑆 + 𝑁𝑁𝑁𝑁2 + 𝑁𝑁𝐶𝐶𝐻𝐻4 + 𝑎𝑎𝑠𝑠ℎ                                          (9-1) 

I. Stoichiometric mass balance yields the following equations: 

Carbon balance: 

a1 = 𝑁𝑁𝐶𝐶𝑂𝑂2 + 𝑁𝑁𝐶𝐶𝑂𝑂 + 𝑁𝑁𝐶𝐶𝑂𝑂𝑆𝑆 + 𝑁𝑁𝐶𝐶𝐻𝐻4 (9-2) 

Hydrogen balance: 

𝑎𝑎2 + 2𝐴𝐴 = 2𝑁𝑁𝐻𝐻2 + 2𝑁𝑁𝐻𝐻2𝑂𝑂 + 2𝑁𝑁𝐻𝐻2𝑆𝑆 + 4𝑁𝑁𝐶𝐶𝐻𝐻4 (9-3) 

 

Oxygen balance: 

𝑎𝑎3 + 2𝑏𝑏 + 𝐴𝐴 = 2𝑁𝑁𝐶𝐶𝑂𝑂2 + 𝑁𝑁𝐶𝐶𝑂𝑂 + 𝑁𝑁𝐻𝐻2𝑂𝑂 + 𝑁𝑁𝐶𝐶𝑂𝑂𝑆𝑆 (9-4) 

Nitrogen balance: 

𝑎𝑎4 + 3.76𝑏𝑏 = 2𝑁𝑁𝑁𝑁2 (9-5) 

Sulphur balance: 

𝑎𝑎5 =  𝑁𝑁𝐻𝐻2𝑆𝑆 + 𝑁𝑁𝐶𝐶𝑂𝑂𝑆𝑆 (9-6)   

 

II. Reaction kinetics: 

 

The equilibrium constants for the water-gas shift, carbon shift and steam 

reforming reactions in Table 9-1 are expressed in terms of their partial pressures 

(Kohl and Nielsen, 1997; Rostrup‐Nielsen and Aasberg‐Petersen, 2003; Bottino et 

al., 2006): 

Methane steam reforming reaction (msr): 
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𝐾𝐾𝑎𝑎𝑔𝑔𝑟𝑟 =  
�𝑃𝑃𝐻𝐻2

3 �[𝑃𝑃𝐶𝐶𝑂𝑂]
�𝑃𝑃𝐶𝐶𝐻𝐻4��𝑃𝑃𝐻𝐻2𝑂𝑂�

 𝑃𝑃2 =
𝑁𝑁𝐻𝐻2

3 𝑁𝑁𝐶𝐶𝑂𝑂
𝑁𝑁𝐶𝐶𝐻𝐻4𝑁𝑁𝐻𝐻2𝑂𝑂 

 𝑃𝑃2 = exp (30.42 −
27106
𝑇𝑇

) 
  

(9-7) 

Water-gas shift (wgs): 

𝐾𝐾𝐶𝐶𝑔𝑔𝑔𝑔 =
�𝑃𝑃𝐻𝐻2��𝑃𝑃𝐶𝐶𝑂𝑂2�
�𝑃𝑃𝐶𝐶𝐻𝐻4��𝑃𝑃𝐻𝐻2𝑂𝑂�

=
𝑁𝑁𝐻𝐻2𝑁𝑁𝐶𝐶𝑂𝑂2
𝑁𝑁𝐶𝐶𝐻𝐻4𝑁𝑁𝐻𝐻2𝑂𝑂

= exp (−3.798 +
4160
𝑇𝑇

) (9-8) 

Carbon shift (c-s) reaction reaches the equilibrium, the corresponding 

equilibrium constant is given by: 

𝐾𝐾𝑙𝑙−𝑔𝑔 =
[𝑃𝑃𝐶𝐶𝑂𝑂𝑆𝑆]�𝑃𝑃𝐻𝐻20�
�𝑃𝑃𝐶𝐶𝑂𝑂2��𝑃𝑃𝐻𝐻2𝑆𝑆�

=
𝑁𝑁𝐶𝐶𝑂𝑂𝑆𝑆𝑁𝑁𝐻𝐻2𝑂𝑂
𝑁𝑁𝐶𝐶𝑂𝑂2𝑁𝑁𝐻𝐻2𝑆𝑆

= exp (−0.4633 −
2049
𝑇𝑇

) (9-9) 

There are 8 variables and 8 unknowns, solving through the minimisation 

method, i.e.: 

𝐾𝐾𝑎𝑎𝑔𝑔𝑟𝑟 =  
�𝑃𝑃𝐻𝐻2

3 �[𝑃𝑃𝐶𝐶𝑂𝑂]𝑃𝑃2

�𝑃𝑃𝐶𝐶𝐻𝐻4��𝑃𝑃𝐻𝐻2𝑂𝑂�𝑁𝑁𝑎𝑎
2 − exp �−30.42 +

27106
𝑇𝑇

� = 0 (9-10) 

Where 𝐾𝐾𝑎𝑎𝑔𝑔𝑟𝑟   is the equilibrium constant of methane steam reforming reaction, P 

is the reaction pressure, 𝑁𝑁𝑎𝑎 = 𝑁𝑁𝐶𝐶𝑂𝑂2 + 𝑁𝑁𝐶𝐶𝑂𝑂 + 𝑁𝑁𝐻𝐻2 + 𝑁𝑁𝐻𝐻2𝑂𝑂 + 𝑁𝑁𝐻𝐻2𝑆𝑆 + 𝑁𝑁𝐶𝐶𝑂𝑂𝑆𝑆 +

𝑁𝑁𝐻𝐻2 + 𝑁𝑁𝐶𝐶𝐻𝐻4. 

 

III. Energy conservation in a gasifier: 

In a non-adiabatic case, the energy balance can be expressed as (Zainal et al., 

2001):  

[Enthalpy] input = [Enthalpy] gas + [Enthalpy] steam + Heat loss 

�𝑁𝑁𝑖𝑖�ℎ𝑓𝑓,𝑖𝑖
𝑏𝑏 +  ∆𝐻𝐻298𝑇𝑇 �

𝑖𝑖,𝑟𝑟𝑙𝑙𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎
=

𝑖𝑖

 �𝑁𝑁𝑖𝑖�ℎ𝑓𝑓,𝑖𝑖
𝑏𝑏 +  ∆𝐻𝐻298𝑇𝑇 �

𝑖𝑖,𝑝𝑝𝑟𝑟𝑏𝑏𝑖𝑖𝑔𝑔𝑙𝑙𝑎𝑎
𝑖𝑖

+ ℎ𝑒𝑒𝑎𝑎𝑒𝑒 𝑎𝑎𝑜𝑜𝑠𝑠𝑠𝑠 
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𝐻𝐻𝑓𝑓𝑏𝑏𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔 + 𝐻𝐻𝑓𝑓 𝐻𝐻2𝑂𝑂(𝑣𝑣𝑑𝑑𝑝𝑝) 
𝑏𝑏 + 𝑚𝑚𝐻𝐻𝑓𝑓𝑏𝑏𝑂𝑂2

+ 3.76𝑚𝑚𝐻𝐻𝑓𝑓𝑏𝑏𝑁𝑁2
=

   𝑁𝑁𝐶𝐶𝑂𝑂2𝐻𝐻𝑓𝑓
𝑏𝑏
𝐶𝐶𝑂𝑂2

+ 𝑁𝑁𝐶𝐶𝑂𝑂𝐻𝐻𝑓𝑓𝑏𝑏𝐶𝐶𝑂𝑂 + 𝑁𝑁𝐻𝐻2𝐻𝐻𝑓𝑓
𝑏𝑏
𝐻𝐻2

+ 𝑁𝑁𝐻𝐻2𝑂𝑂𝐻𝐻𝑓𝑓
𝑏𝑏
𝐻𝐻2𝑂𝑂(𝑎𝑎𝑎𝑎𝑝𝑝)

+

𝑁𝑁𝐻𝐻2𝑆𝑆𝐻𝐻𝑓𝑓
𝑏𝑏
𝐻𝐻2𝑆𝑆

+ 𝑁𝑁𝐶𝐶𝑂𝑂𝑆𝑆𝐻𝐻𝑓𝑓𝑏𝑏𝐶𝐶𝑂𝑂𝑆𝑆 + 𝑁𝑁𝑁𝑁2𝐻𝐻𝑓𝑓
𝑏𝑏
𝑁𝑁2

+ 𝑁𝑁𝐶𝐶𝐻𝐻4𝐻𝐻𝑓𝑓
𝑏𝑏
𝐶𝐶𝐻𝐻4

+

 ∆𝑇𝑇 �𝑁𝑁𝐶𝐶𝑂𝑂2𝐶𝐶𝐴𝐴𝐶𝐶𝑂𝑂2 + 𝑁𝑁𝐶𝐶𝑂𝑂𝐶𝐶𝐴𝐴𝐶𝐶𝑂𝑂 + 𝑁𝑁𝐻𝐻2𝐶𝐶𝐴𝐴𝐻𝐻2 + 𝑁𝑁𝐻𝐻2𝑂𝑂𝐶𝐶𝐴𝐴𝐻𝐻2𝑂𝑂 +

𝑁𝑁𝐻𝐻2𝑆𝑆𝐶𝐶𝐴𝐴𝐻𝐻2𝑆𝑆 + 𝑁𝑁𝐶𝐶𝑂𝑂𝑆𝑆𝐶𝐶𝐴𝐴𝐶𝐶𝐶𝐶𝑆𝑆  + 3.76𝑁𝑁𝑁𝑁2𝐶𝐶𝐴𝐴𝑁𝑁2 + 𝑁𝑁𝐶𝐶𝐻𝐻4𝐶𝐶𝐴𝐴𝐶𝐶𝐻𝐻4� + ∆ ℎ𝑒𝑒𝑎𝑎𝑒𝑒  

    

(9-11) 

Where 𝐻𝐻𝑓𝑓𝑏𝑏𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔 is the heat of formation of manure; 𝐻𝐻𝑓𝑓 𝐻𝐻2𝑂𝑂(𝑑𝑑) 
𝑏𝑏 is the heat 

formation of liquid water; 𝐻𝐻𝑎𝑎𝑎𝑎𝑝𝑝 is the heat of vaporization of water; 𝐻𝐻𝑓𝑓𝑏𝑏𝐻𝐻2𝑂𝑂(𝑎𝑎𝑎𝑎𝑝𝑝)
 

is the heat of formation of water vapour; 

𝐻𝐻𝑓𝑓𝑏𝑏𝐶𝐶𝑂𝑂2
,𝐻𝐻𝑓𝑓𝑏𝑏𝐶𝐶𝑂𝑂,𝐻𝐻𝑓𝑓𝑏𝑏𝐻𝐻2

,𝐻𝐻𝑓𝑓𝑏𝑏𝐻𝐻2𝑂𝑂(𝑎𝑎𝑎𝑎𝑝𝑝)
,𝐻𝐻𝑓𝑓𝑏𝑏𝐻𝐻2𝑆𝑆

,𝐻𝐻𝑓𝑓𝑏𝑏𝐶𝐶𝑂𝑂𝑆𝑆,𝐻𝐻𝑓𝑓𝑏𝑏𝑁𝑁2
 and 𝐻𝐻𝑓𝑓𝑏𝑏𝐶𝐶𝐻𝐻4

 are the heat of 

formation of gaseous products; 𝐶𝐶𝐴𝐴𝐶𝐶𝑂𝑂2 ,𝐶𝐶𝐴𝐴𝐶𝐶𝑂𝑂 ,𝐶𝐶𝐴𝐴𝐻𝐻2 ,𝐶𝐶𝐴𝐴𝐻𝐻2𝑂𝑂 , 𝐶𝐶𝐴𝐴𝐻𝐻2𝑆𝑆,𝐶𝐶𝐴𝐴𝐶𝐶𝐶𝐶𝑆𝑆 ,𝐶𝐶𝐴𝐴𝑁𝑁2  and 

𝐶𝐶𝐴𝐴𝐶𝐶𝐻𝐻4are the specific heats for gaseous products; ∆𝑇𝑇 = 𝑇𝑇𝑟𝑟 − 𝑇𝑇𝑎𝑎, 𝑇𝑇𝑟𝑟, is the 

gasification temperature at the reduction zone, 𝑇𝑇𝑎𝑎 is the ambient temperature at 

the reduction zone. 𝐶𝐶𝑝𝑝 is calculated using Table 2-198 from Perry and Green 

(2008) for organic and inorganic compounds in the ideal gas state.  

Considering the values of 𝐻𝐻𝑓𝑓𝑏𝑏𝐻𝐻2
, 𝐻𝐻𝑓𝑓𝑏𝑏𝑁𝑁2

, 𝐻𝐻𝑓𝑓𝑏𝑏𝑂𝑂2
 are zero at ambient temperature, 

equation can be simplified: 

𝐻𝐻𝑓𝑓𝑏𝑏𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔 + 𝐻𝐻𝑓𝑓 𝐻𝐻2𝑂𝑂(𝑣𝑣𝑑𝑑𝑝𝑝) 
𝑏𝑏 =   𝑁𝑁𝐶𝐶𝑂𝑂2𝐻𝐻𝑓𝑓

𝑏𝑏
𝐶𝐶𝑂𝑂2

+ 𝑁𝑁𝐶𝐶𝑂𝑂𝐻𝐻𝑓𝑓𝑏𝑏𝐶𝐶𝑂𝑂 + 𝑁𝑁𝐻𝐻2𝐻𝐻𝑓𝑓
𝑏𝑏
𝐻𝐻2

+

𝑁𝑁𝐻𝐻2𝑂𝑂𝐻𝐻𝑓𝑓
𝑏𝑏
𝐻𝐻2𝑂𝑂(𝑎𝑎𝑎𝑎𝑝𝑝)

+ 𝑁𝑁𝐻𝐻2𝑆𝑆𝐻𝐻𝑓𝑓
𝑏𝑏
𝐻𝐻2𝑆𝑆

+ 𝑁𝑁𝐶𝐶𝑂𝑂𝑆𝑆𝐻𝐻𝑓𝑓𝑏𝑏𝐶𝐶𝑂𝑂𝑆𝑆 + 𝑁𝑁𝑁𝑁2𝐻𝐻𝑓𝑓
𝑏𝑏
𝑁𝑁2

+

𝑁𝑁𝐶𝐶𝐻𝐻4𝐻𝐻𝑓𝑓
𝑏𝑏
𝐶𝐶𝐻𝐻4

+ ∆𝑇𝑇 �𝑁𝑁𝐶𝐶𝑂𝑂2𝐶𝐶𝐴𝐴𝐶𝐶𝑂𝑂2 + 𝑁𝑁𝐶𝐶𝑂𝑂𝐶𝐶𝐴𝐴𝐶𝐶𝑂𝑂 + 𝑁𝑁𝐻𝐻2𝐶𝐶𝐴𝐴𝐻𝐻2 +

𝑁𝑁𝐻𝐻2𝑂𝑂𝐶𝐶𝐴𝐴𝐻𝐻2𝑂𝑂 + 𝑁𝑁𝐻𝐻2𝑆𝑆𝐶𝐶𝐴𝐴𝐻𝐻2𝑆𝑆 + 𝑁𝑁𝐶𝐶𝑂𝑂𝑆𝑆𝐶𝐶𝐴𝐴𝐶𝐶𝐶𝐶𝑆𝑆   +3.76𝑎𝑎7𝐶𝐶𝐴𝐴𝑁𝑁2 + 𝑁𝑁𝐶𝐶𝐻𝐻4𝐶𝐶𝐴𝐴𝐶𝐶𝐻𝐻4�  

+ Heat loss 

    

(9-12) 

Note: 𝐶𝐶𝑝𝑝 is calculated using Table 2-198 from Perry and Green (2008) for 

organic and inorganic compounds in the ideal gas state.  

 

IV. Stoichiometric calculations to determine gasifier inputs: 
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Oxygen (kg/hour): 

= 𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔 ×
𝑀𝑀𝐶𝐶
𝑀𝑀𝑊𝑊𝐶𝐶

× 
𝑁𝑁𝑂𝑂2
𝑁𝑁𝐶𝐶

×  𝑀𝑀𝑊𝑊𝑂𝑂2 − 𝑀𝑀𝑂𝑂2 × 𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔 
(9-13) 

Where 𝑀𝑀𝑖𝑖 is the fraction of species 𝑖𝑖 in the fuel (wt % ), 𝑀𝑀𝑊𝑊𝑖𝑖 is the molecular 

weight of species 𝑖𝑖 (g/mol) and 𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔 is the rate of fuel input ( kg/hour as 

the basis), 
𝑁𝑁𝐶𝐶2
𝑁𝑁𝐶𝐶

 is the molar oxygen to carbon. 

Air flow rate (kg/hour): 

= 𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔 ×
𝑀𝑀𝐶𝐶
𝑀𝑀𝑊𝑊𝐶𝐶

× 
𝑁𝑁𝑂𝑂2
𝑁𝑁𝐶𝐶

×  𝑀𝑀𝑊𝑊𝑂𝑂2 + 3.76 × 
𝑀𝑀𝐶𝐶
𝑀𝑀𝑊𝑊𝐶𝐶

×  
𝑁𝑁𝑂𝑂2
𝑁𝑁𝐶𝐶

× 𝑀𝑀𝑊𝑊𝑁𝑁2 
(9-14) 

Note: In the case of where nitrogen is stripped from the air prior to gasification, the 

air flow rate into the gasifier is reduced to zero as the gasifying agent is only O2. 

Steam flow rate (kg/hour):  

Where 
𝑁𝑁𝐻𝐻2𝐶𝐶
𝑁𝑁𝐶𝐶

 is the molar steam to carbon ratio. 

 

V. Power required for drying: 

Where 𝑤𝑤𝑖𝑖𝑟𝑟𝑦𝑦𝑖𝑖𝑖𝑖𝑔𝑔 is the power requirement measured in (W), 𝑀𝑀𝐻𝐻2𝑂𝑂 is the water fraction in 

the biomass and  ℎ𝑓𝑓𝑔𝑔 of water is equivalent to 2600 kJ/kg. It is assumed that a 50 % 

of the heat required for drying can be supplied through heat integration within the 

BIGCC. 

 

= 𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔 ×
𝑀𝑀𝐶𝐶
𝑀𝑀𝑊𝑊𝐶𝐶

×
𝑁𝑁𝐻𝐻2𝑂𝑂
𝑁𝑁𝐶𝐶

 × 𝑀𝑀𝑊𝑊𝐻𝐻2𝑂𝑂 −  𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔  × 𝑀𝑀𝐻𝐻2𝑂𝑂 (9-15) 

𝑤𝑤𝑖𝑖𝑟𝑟𝑦𝑦𝑖𝑖𝑖𝑖𝑔𝑔 =  𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑜𝑜𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠  ×  𝑀𝑀𝐻𝐻2𝑂𝑂 × ℎ𝑜𝑜𝑔𝑔 (9-16) 
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VI. Thermal performance calculations: 

Syngas high heating value: 

𝐻𝐻𝐻𝐻𝑎𝑎𝐴𝐴𝑟𝑟𝑏𝑏𝑖𝑖𝑔𝑔𝑙𝑙𝑎𝑎 𝑔𝑔𝑎𝑎𝑔𝑔 = �𝐻𝐻𝐻𝐻𝑎𝑎𝐻𝐻2 × 𝑎𝑎𝐻𝐻2� + (𝐻𝐻𝐻𝐻𝑎𝑎𝐶𝐶𝑂𝑂 × 𝑎𝑎𝐶𝐶𝑂𝑂) +  �𝐻𝐻𝐻𝐻𝑎𝑎𝐶𝐶𝐻𝐻4 × 𝑎𝑎𝐶𝐶𝐻𝐻4�   (9-17) 

Where 𝑎𝑎𝑖𝑖 is the species molar fraction.   

Gasification efficiency: 

𝜂𝜂𝑔𝑔𝑎𝑎𝑔𝑔𝑖𝑖𝑓𝑓𝑖𝑖𝑙𝑙𝑎𝑎𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖(%) =  
𝐻𝐻𝐻𝐻𝑎𝑎 𝑜𝑜𝑜𝑜 𝑆𝑆𝑎𝑎𝑒𝑒𝑔𝑔𝑎𝑎𝑠𝑠 𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏𝑎𝑎𝑒𝑒𝑒𝑒𝑑𝑑
𝐻𝐻𝐻𝐻𝑎𝑎 𝑜𝑜𝑜𝑜 𝑏𝑏𝑖𝑖𝑜𝑜𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠 𝑔𝑔𝑎𝑎𝑠𝑠𝑖𝑖𝑜𝑜𝑖𝑖𝑒𝑒𝑑𝑑

 
 

(9-18) 

     
The gasification LCI model can be summarised using the following tables:                   

Table 9-5 presents the outcome of the minimisation method for the different 

variables and equations considered, Table 9-6 summarises the main inputs and 

outputs of the model and  Table 9-7 presents the syngas product composition.   

 

                   Table 9-5: Validation of minimisation method used in gasification LCI model. 
Reaction type ∆ Unit 

Carbon balance 0 kmol 
Hydrogen balance 0 kmol 
Oxygen balance 0 kmol 
Nitrogen balance 0 kmol 
Sulphur balance 0 kmol 
Water gas shift equilibrium constant (wgs) 0 kmol 
H2S to COS reaction equilibrium constant (c-s) 0 kmol 
Methane steam reformation (msr) -0.0345 kmol 
Energy conservation  -1160.30  kJ 

 

Table 9-6: Main inputs and outputs from BIGCC LCI model using manure biomass. 
Parameter value Unit 

Ta 25 (298.15) oC (K) 
Tr 800 (1073) oC (K) 
Steam: carbon ratio 0.465  
Oxygen: Carbon ratio 0.48  
Biomass input 1000 kg/hour 
Water input 329 kg/hour 
Air input 2,591.3 kg/hour 
Pressure (P) 10  bar 
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Oxygen input 348 kg/hour 
 

 

         Table 9-7: Product gas composition. 
 

 

 Biochar 9.1.2

Biochar is a nutrient rich by product which has the potential to reduce GHG 

emissions through carbon sequestration, N2O emission reduction when applied to soil, 

displacement of commercial fertilizer and enhancement of the agronomic efficiency. 

A study regarding the effect of biochar on the productivity of sandy soils confirmed 

that the use of biochar improves the physio-chemical properties of coarse soil, 

nutrient up-take potential of the crop and its water use efficiency (WUE) (Uzoma et 

al., 2011). The WUE provides a sensible indication to crop growth in terms of 

resource use and can be defined as (Wallace, 2000): 

𝑊𝑊𝑈𝑈𝐸𝐸 (%) =
𝑀𝑀𝑎𝑎𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑏𝑏𝑖𝑖𝑜𝑜𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠 ℎ𝑎𝑎𝑏𝑏𝑎𝑎𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒𝑑𝑑

𝑇𝑇𝑜𝑜𝑒𝑒𝑎𝑎𝑎𝑎 𝐴𝐴𝑏𝑏𝑜𝑜𝑎𝑎 𝐴𝐴𝑠𝑠𝑒𝑒 
 

Concluding that application of biochar at mixing rates of 10, 15 and 20 tonnes per 

hectare increased WUE by 6 %, 139 % and 91 % respectively. Further-more the study 

by Uzoma et al., (2011) demonstrated that the application of biochar affects the plant 

nitrogen uptake in addition to the other nutrients.  

                                                                                                                                                                 Table 9-8: Biochar characteristics within EWF Nexus. 

Gas product Molar (%)  
CO2 12.16 
CO 22.10 
H2 17.48 

H2O 16.36 
H2S - 
COS - 
N2 31.73 

CH4 0.02 
HHV (db) 4200 kJ/kg 

Parameter Value Unit 

Quantity produced 1.32×108 kg/year 

Application rate 15 kg/ha 

Total requirement 1.41×105 kg 

Surplus 1.32×108 kg 
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Increasing plant N uptake through biochar amendment improves N fertilizer use 

efficiency especially in sandy soils which is the prevalent soil type in Qatar. At the 

optimum application rate of 15 kg/ha the N uptake is expected to increase by 

approximately 53 % (Uzoma et al., 2011). For the Qatar case study presented in this 

research, a 50 % water and fertilizer reduction on the GWP through the application of 

biochar at rates of 15 kg/ha are examined. The quantity of biochar produced is 

assumed to be 20 % of dry matter in the manure (Wu et al., 2013). 

 

9.2 Biomass Integrated Gasification Combined Cycle LCI Model  

The gasification process produces a low calorific syngas which contains combustible 

CO and H2 diluted with large amounts of N2 and CO2. After clean up, the syngas can 

be used in traditional combined cycle gas turbines. This integrated system is known 

as a biomass integrated gasification combined cycle (BIGCC). The use of a BIGCC 

represents several advantages over direct combustion (Bridgwater, 1995): (1) fuel-gas 

based technologies such as gas turbines can achieve higher efficiencies than direct 

combustion; (2) the overall efficiency of gasification is higher because gaseous fuels 

burn more efficiently than solid fuel; and (3) production of gas enables the removal of 

contaminants which lead to the reduction of NOx and SOx emissions.  

The combustion of biomass within the BIGCC produces CO2 which is returned to the 

atmosphere after it was originally absorbed by the plants during its growing cycle 

(Srinivas et al., 2012). As such, it is necessary to compute carbon balances for 

BIGCC systems in isolation and when used within food production systems. In this 

study, the CCGT sub-system described in section 7.3 is integrated with the 

gasification model described in section 9.1 to form the BIGCC. The  objective of the 

BIGCC LCI model is the computation of two parameters to be integrated within the 

Application rates possible 8.78×106 kg/ha/year 
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broader EWF Nexus tool; (1) power potential (MWh/year), and (2) the rate of CO2 

emissions (kg/MWh). 

The utilisation of syngas fuels within BIGCC generally consist of coal based systems 

(Holt and Alpert, 2001, Kim et al., 2011) and biomass based systems (Consonni and 

Larson, 1996; Spath and Mann, 2000). Furthermore, whilst it is possible to design and 

build greenfield CCGT systems based on syngas fuels, it is also possible to co-fire 

gasified products from coal and biomass with natural gas (Demirbaş, 2003; Rodrigues 

et al., 2003). Although, the gasification process is well understood, research into the 

BIGCC remains in progress. The literature regarding this field is separated into 

technology reviews, reporting on demonstration facilities and predictive analysis. The 

review of this literature will only serve to provide an overview of the technology 

including the main design parameters.  

Conventional power systems require modification in order to accommodate fuel with 

a lower calorific value (syngas). For instance, a higher fuel injection rate (mass flow 

rate) is required when syngas fuel is used as alternative to natural gas in CCGT 

systems, in order to maintain the turbine inlet temperature (TIT) and power plant 

efficiency (Kim et al., 2011; Chacartegui et al., 2013). Other mechanical 

modifications include changes to; fuel injection system, flame tube of the gas turbine 

and combustor assembly. Turbine modifications also consider the metal temperature 

distribution in the hot section of the turbine which is expected to change due to the 

heat transfer properties of the syngas (Chacartegui et al., 2013).  

Srinivas et al. (2012) used a thermo-chemical model to study the influence of 

gasification conditions on the overall performance of the BIGCC using rice husk as 

input biomass. The operational parameters considered in the model include; air-fuel 

ratio, steam fuel ratio, gasifier pressure with the power output and electrical 

efficiency and emissions of CO2 and NOx. The modelling of the different scenarios 

produced; efficiencies ranging from 40 – 45 %, power output 200 – 300 MW, CO2 

emission rate of 900 – 1015 g/kWh and a NOx emission rate 11-21 g/KWh. A 

comparative analysis conducted by Baratieri et al. (2009) reviewed the use of syngas 

with different technology options such as internal combustion engines (IC), CCGT 

and fuel cells. The analysis concluded with the CCGT as the best performing 

technology with an electrical efficiency of 45 %.  
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In terms of life cycle performance of BIGCC systems, Corti and Lombardi (2004) 

performed an LCA on a BIGCC system operating with an efficiency of 35 %. The 

LCA considered the respective construction, operation, dismantling and the biomass 

growing phases, which represented the largest footprint in the analysis. Furthermore, 

with CO2 the only species considered in the study, the carbon sink potential from the 

growing of biomass represents a significant advantage over other fuels as highlighted 

by the results of the study. Mann and Spath (1997) performed a comprehensive LCA 

of a BIGCC system using wood as the feedstock. The BIGCC system in evaluation 

produced a net system output of 113 MW and a net system efficiency of 37.2 %.  

In the assessment emissions were identified and quantified for all life cycle stages 

including feedstock production, transportation and power production (also referred to 

as sub-systems) in which the CO2 emission rates per 1 J of input fossil fuel energy 

are; 3.0, 0.6 and 1.3 respectively. With transportation and facility construction 

considered negligible, the emissions from gasifier, combustor and turbine should be 

considered.  

The main process units in BIGCC systems resemble coal based IGCC systems. Holt 

and Alpert (2001) detailed four major commercial sized coal based plants which 

differ on the choice of gasification technology, gas cooling, gas cleaning 

arrangements and the integration between the different process units. Furthermore, 

the integration of an air separation unit differs amongst the different configurations. 

Post gasification, the product syngas is cooled and cleaned (from particulate matter 

and sulphur species) prior to firing in the gas turbine.  The cleaning system is 

necessary because the gas turbine can be affected by impurities (sulphur, ammonia, 

metals and particulates) (Whitty et al., 2008). Typical air blown gasifiers produce a 

gas with high nitrogen content (~ 50 %) and, therefore, a low LHV which implies; 

increased size of the gasification and gas cooling equipment, and makes syngas 

cleaning (sulphur removal) more difficult. As such, gasifiers are coupled with air 

separation units to separate nitrogen from the air to enable the gasification of biomass 

with O2 and steam, which in turn produces a syngas with a significantly larger heating 

value. 
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Gas product Molar (%)  
CO2 17.61 
CO 32 
H2 25.31 

H2O 23.68 
H2S - 
COS - 
N2 1.15 

CH4 0.03 
HHV kJ/kg (db, nitrogen free) 7300 

 

In the development of the BIGCC LCI model, the energy requirement for the 

generation of steam has been accounted for. Furthermore it is assumed that auxiliary 

systems such as the dryer and ASU utilise power from within the system and not from 

an external source. In modelling the output of the BIGCC, the following parameters 

were omitted: (1) compressor: number of stages, polytrophic efficiency, (2) 

combustor: pressure loss, and (3) turbine: Turbine rotor inlet temperature, number of 

stages, stage efficiency, turbine cooling modelling and exhaust pressure loss. Table 

9-10 presents the BIGCC lifecycle performance results.   

                              Table 9-10: BIGCC performance results.  
 

 

 

 

 

  

  

 Emissions from BIGCC systems  9.2.2

The emissions throughout the BIGCC include emissions from the gasification process 

and from the combustion of syngas. During the gasification process, nitrogen 

emissions in form of ammonia (NH3), hydrogen cyanide (HCN), and oxides of 

nitrogen (NO + NO2 or NOx and N2O) may be produced from the fuel bound nitrogen 

(FBN) in the biomass feedstock (Zhou et al., 2000).  

Parameter Value Unit 
WGT 110 MW 
WST 40 MW 
WT 150 MW 
WDrying 18 MW 
ηBIGCC  34 % 
Power  1.1×106 MWh/year 
Natural gas equivalent 1.68 ×108 kg/year 
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Using a fluidised-bed gasification experimental facility, Zhou et al. (2000) studied the 

emissions of nitrogen based species from biomass gasification using leucaena, 

sawdust, bagasse and banagrass as the feedstock. The evaluation of the influence of 

biomass nitrogen content and gasification operational parameters on the partitioning 

of fuel bound nitrogen (FBN) amongst the nitrogen emissions showed that 90 % of 

FBN is converted to emissions of NH3 and N2 during gasification whilst HCN and 

NOx are present in small amounts. 

Upon utilisation of the syngas in the CCGT phase, the resulting emission profile from 

the combustion of syngas is dependent on the composition of the syngas used. Whitty 

et al. (2008) evaluated the emissions during the combustion of syngas in the turbines, 

engines and boilers. The types of emissions include unburned fuel components, 

partial oxidized species, nitrogen and sulphur gases and VOC’s.  

In summary, the presence of H2 and CO in the syngas results in a high combustion 

temperature which promotes the thermal formation of NO and NO2. However, higher 

temperatures encourage complete combustion, in turn reducing the emissions of 

VOC’s (formed from minor fractions of hydrocarbon in the syngas). Kim and Byung-

Chul (2001) in a study of syngas derived from coal reported that NOx emissions 

increased as CO:H2 ratio increased from 1:1 to 2:1. Continuing on syngas derived 

from coal, Hasegawa et al. (2001) reported that increasing the CO: H2 ratio increased 

the conversion of NH3 to NOx whilst a small presence of CH4 would render the CO: 

H2 ratio insignificant on the conversion of NH3 to NO.  

Cleaning the syngas prior to combustion eliminates emissions of SO2, HCl and fly 

ash. Low-NOx combustion techniques such as air staging, fuel staging (re-burning) 

and flue gas recirculation reduce NOx emissions from syngas combustion. In 

summary, emissions of NOx, CO and VOC’s from syngas combustion are generally 

lower than emissions from conventional combustion systems (Whitty et al., 2008).   

In the context of this study, calculating from first principles the emission profile is not 

possible because of the sheer complexity of the system. The following is assumed in 

order to simplify calculations: 

• Through intensive syngas cleaning; the model assumes that particular matter, 

metallic compounds and other pollutants are removed from the syngas prior to 

entering the turbine including VOC’s, PM10, HCN and H2S. Sulphur species, 
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halides and trace elements are removed from the syngas prior to combustion 

(Whitty et al., 2008; Leibold et al., 2008).   

• As NOx emissions are generally independent of fuel composition and 

dependant on post control methods, the emission factor from the CCGT 

(Table 7-18) will be utilised. It should be noted that although some pollution 

control systems utilise water as part of the cleaning process (equivalent to 15 

% by weight of the air and fuel used for combustion (Sarofim and Flagan, 

1976), it is assumed that the corresponding water requirement will not be 

supplied from the water sub-system in the nexus model.  

Considering the study conducted by Zhou et al. (2000) regarding the gasification of  

Leucaena biomass, the following can be concluded:  

• The amount of NH3 is influenced by FBN (i.e. N content in feedstock). 

• The % of FBN converted to NH3 or N2 do not vary significantly with ER. 

• Experimental data confirms that NH3 increases linearly with FBN.  

• Larger variation of the NH3:N2 ratio exists across different temperature 

classifications.  

Table 9-11 illustrates the quantity of NH3 released during the gasification process 

expressed as a ratio to the nitrogen contained in the Leucaena fuel (Zhou et al., 2000). 

Table 9-11: Fuel Nitrogen distribution in NH3 and N2 as a function of ER and T (oC) (Zhou 
et al., 2000).  

Equivalence ratio 
(ER) 

T (oC) 
750 800 850 900 950 

 NNH3/Nfuel(%) 
0.18 63.1 50.5 27.6 12.8 10.6 
0.25 63.5 40.5 24.0* 16.0 18.2 
0.32 47.2 44.7 27.6 11.0 17.4 

 NN2/Nfuel (%) 
0.18 37.8 67.8 97.6 108.2 114.9 
0.25 38.6 69.9 80.3 88.7 85.7 
0.32 42.3 51.0 67.8 81.0 90.6 

(a) * represents selected NH3:N2 used for the development of integrated results.  

 

VII. Derivation of CO2 emission factor from syngas combustion: 
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In order to enable calculations regarding carbon closure %, it is necessary to calculate 

the CO2 input and output from the combustion process. The procedure is described 

below:  

𝑁𝑁𝐶𝐶𝑂𝑂2 =  𝑎𝑎𝑖𝑖𝐶𝐶𝑂𝑂2_𝑔𝑔𝑦𝑦𝑖𝑖𝑔𝑔𝑎𝑎𝑔𝑔 × 𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔     (9-19) 

𝑁𝑁𝐶𝐶𝐻𝐻4 =  𝑎𝑎𝑖𝑖𝐶𝐶𝐻𝐻4_𝑔𝑔𝑦𝑦𝑖𝑖𝑔𝑔𝑎𝑎𝑔𝑔 ×  𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔     (9-20) 

𝑁𝑁𝐶𝐶𝑂𝑂 =  𝑎𝑎𝑖𝑖𝐶𝐶𝑂𝑂_𝑔𝑔𝑦𝑦𝑖𝑖𝑔𝑔𝑎𝑎𝑔𝑔 ×  𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔     (9-21) 

Where  𝑎𝑎𝑖𝑖𝐶𝐶𝑂𝑂2_𝑔𝑔𝑦𝑦𝑖𝑖𝑔𝑔𝑎𝑎𝑔𝑔, 𝑎𝑎𝑖𝑖𝐶𝐶𝐻𝐻4_𝑔𝑔𝑦𝑦𝑖𝑖𝑔𝑔𝑎𝑎𝑔𝑔 and 𝑎𝑎𝑖𝑖𝐶𝐶𝑂𝑂_𝑔𝑔𝑦𝑦𝑖𝑖𝑔𝑔𝑎𝑎𝑔𝑔 are the mole fractions of CO2 CH4 

and CO derived from the biomass gasification. 𝐹𝐹𝐴𝐴𝑒𝑒𝑎𝑎𝑏𝑏𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔 is the rate of fuel input in 

kg/hour and 𝑁𝑁𝑖𝑖 is the molar flow rate of species in kmol/hour.  

Calculation of the carbon balance requires analysis of syngas combustion:  

2𝐻𝐻2 + 𝑂𝑂2 → 2𝐻𝐻2𝑂𝑂 

𝐶𝐶𝐻𝐻4 + 2𝑂𝑂2 → 𝐶𝐶𝑂𝑂2 + 2𝐻𝐻2𝑂𝑂 

2𝐶𝐶𝑂𝑂 + 𝑂𝑂2 → 2𝐶𝐶𝑂𝑂2 

The CO2 emission factor is calculated using the following expression: 

𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2 =  
𝑁𝑁𝐶𝐶𝑂𝑂2

(𝑊𝑊𝑇𝑇_𝑔𝑔𝑦𝑦𝑖𝑖𝑔𝑔𝑎𝑎𝑔𝑔 × 24 × 365)
 

 (9-22) 

Where 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2 is the CO2 released from the combustion of syngas (kg/MWh) and 

𝑊𝑊𝑇𝑇_𝑔𝑔𝑦𝑦𝑖𝑖𝑔𝑔𝑎𝑎𝑔𝑔  is the total power potential from the syngas (MWh/year). 

Table 9-12 summarises the main emissions from the BIGCC LCI model. 

                     Table 9-12: Summary of main emissions considered in the BIGCC system. 
Species Factor (kg/MWh) Source 

CO2 1,059 This work 
CH4 0.00027 (Spath and Mann, 2000) 
NH3 195.8 This work 
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  Water requirement BIGCC 9.2.3

The water requirement for the BIGCC consists of the process water (steam) required 

for the gasification process and cooling water for the CCGT sub-system. It is assumed 

that the water requirement utilised within the CCGT is equivalent to the requirement 

of the CCGT portion of the BIGCC as presented in section 7.6. The estimates for 

water utilization for relevant sub-systems are presented Table 9-13. 

In the case of the BIGCC, the water requirement both for process and power 

generation are converted into an energy requirement (MWh) using the Specific 

energy consumption (kWh/m3) for RO (LCI model presented in section 6.2.1) and is 

subsequently discounted from the maximum BIGCC energy potential.  

                                                                       Table 9-13: BIGCC water requirement. 
Sub-system Consumption (m3/MWh) 

CCGT 0.0875 
Gasification 

BIGCC 
3.97 

4.8475 
 

 Integration of BIGCC with EWF Nexus 9.2.4

The energy potential generated from the BIGCC is distributed in proportion to the 

energy requirement of the sub-systems within the EWF Nexus. Table 9-14 illustrates 

the energy requirement within the EWF Nexus for three scenarios: (1) Conventional 

operation (without the integration of power generated from the BIGCC, (2) the 

integration of the BIGCC resulting in reduced energy requirement for all sub-systems, 

and (3) the integration of power from the BIGCC and the energy savings from the 

utilisation of biochar. The results indicate that significant energy savings for the EWF 

Nexus can be achieved through the integration of the BIGCC and biochar.  

 Table 9-14: Illustration of energy requirement reduction within the Qatar EWF Nexus   
  through integration of the BIGCC and biochar. 

Energy requirement (MWh) Irrigation Water                           
(fertilizer) 

Water        
(Energy) Fertilizer Total 

 Without gasification 1.21 ×106 1.07 ×103 6.55 ×103 1.55 ×105 1.37 ×106 
Integration of  gasification 1.83 ×105 1.63 ×102 2.57 ×103 2.36 ×104 2.26 ×105 

Integration of  gasification and 
biochar 9.16 ×104 81.3 3.66 ×103 1.18 ×104 

 
1.16 ×105 
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A typical chemical absorption unit is based on an aqueous CO2 absorption in an 

absorber and CO2 stripping system utilising an appropriate solvent. In the absorber, 

CO2 is chemically absorbed from the inlet gases by contact with the counter-current 

CO2-lean solvent (e.g. MEA). The treated gas exits the top of the absorber column. 

The CO2-rich solvent is passed to the stripper, where, by heating the CO2-rich solvent 

solution, the CO2 is stripped off and the CO2-lean solvent is regenerated (Korre et al., 

2010). 

 

 

 

 

 

 

 

 

Figure 9-4: The scheme of chemical absorption CO2 capture processes LCI model 
developed (modified from Korre et al., 2010). 

The regenerated CO2-lean solvent is then recycled back to the absorber while the CO2 

is passed on to compression processes. The schematic of the LCI model developed is 

shown in Figure 9-4 which describes the inputs/outputs to be quantified. The 

inputs/outputs of chemical absorption CO2 capture processes are modelled using 

engineering calculations (Korre et al., 2010). The composition of the flue gas entering 

the CC per MWh is equivalent to the CCGT output per MWh. The specific flue gas 

composition used for the Qatar case study and to illustrate the functionality of the 

EWF Nexus model is provided in Table 7-18. In the CO2 capture LCI model utilised 

in this research, the process and cooling water required to capture the CO2 emitted 

from 1 MWh of electrical energy generated from the CCGT is 0.5 m3, which is 

assumed to be provided by CCGT-RO desalination configuration.  
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 Integration of CC with BIGCC 9.3.2

The carbon capture technology which is traditionally considered in conjunction with 

fossil fuel systems can also be integrated with systems utilising biomass for power 

generation (IEA, 2013). Bio-energy with carbon capture and storage (BECCS) utilises 

biomass that has removed atmospheric carbon at any stage of its life cycle offering 

permanent net removal of CO2 from the atmosphere as illustrated in Figure 9-5. 

.  

 

 

 

 

 

 

 

 

 

Figure 9-5: BECCS and negative emissions concept (modifed from Gough and Upham, 
2010). 

BIGCC systems operating in isolation are considered low carbon technologies whilst 

BECCS systems are considered carbon negative technologies. In theory, BECCS 

systems can achieve negative life cycle emissions compared to other systems utilising 

CC and other pollution reduction technologies. However, to date BECCS systems, 

also known as negative emission technologies have not been fully realised (IEA, 

2013). McGlashan et al. (2012) discussed the practicalities of negative emission 

methods which include; augmented ocean disposal, biochar artificial trees, soda/lime 

process and BECCS. The study concludes that BECCS technologies are mature (i.e. 

Leakage 

possibility 
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 The utilisation of CO2 for fertilization 9.3.3

The production of food is based on a physical process known as photosynthesis, a 

process that converts solar energy, CO2 and water into carbohydrates. It is estimated 

that 0.5 % of the solar energy reaching the earth is captured by green plants (Pimentel 

et al., 2008). 

CO2 + H2O + sunlight = (CH2O) n + O2 

There is much discussion on the effect on crops from the elevated levels of CO2 in the 

atmosphere. The general consensus is that higher crop yields will be produced as a 

result. This is because CO2 which is an essential compound in the photosynthesis 

process where its carbon content are utilised to form carbohydrates. Furthermore, 

increasing concentrations of CO2 inhibits the loss of water also known as 

transpiration due to increased resistance from the stomata (Erickson, 1993). Although 

it has been suggested that increased temperature and decreased soil moisture would 

have a negative impact on crop yields. This, however, would be offset by the natural 

fertilization of crops from the increasing concentration of CO2 in the atmosphere. 

However, it is noted that this relationship has a strong spatial dependency in which it 

is likely that there will be lower yields in the tropics and increased yields in the 

temperate zones with an average global net gain (Long et al., 2006). There are other 

factors which need to be considered such as the availability of water and nutrients and 

the prevalence of pests and diseases all of which are likely to be affected by climate 

change (Erda et al., 2005). 

Although, more field experiments need to be conducted for a variety of crops and 

different conditions, it is likely that fertilization using CO2 will increase 

photosynthesis and increase WUE. However, it is important to note the distinction 

between C3 and C4 plants in that the effect of CO2 fertilization has a greater impact 

on C3 plants than on C4 plants. Experimental results conducted thus far have shown 

that doubling the CO2 concentration from 330 ppm to 660 ppm can increase the 

productivity of a large number of C3 plants by an average of 33 %. The fertilization 

of plants using CO2 does not only result in increases in dry matter production, but is 

accompanied by improvements of WUE (Kimball and Idso, 1983; Lawlor and 

Mitchell, 1991).  
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Food can be produced either through open field agriculture or in a controlled 

environment. With regard to open field agriculture, any one of the crucial factors 

required for growth can be a limiting factor. Therefore, determining the exact yield 

improvements from CO2 fertilization on a global scale can be inaccurate (Erickson, 

1993). The purpose of this research, is however, not to attempt to predict potential 

crop improvements from CO2 fertilization, but to quantify the minimum yield 

improvement that would be required in order to balance the energy used in the 

capture CO2 process. The objective in this case is to improve system wide WUE 

which essentially means a total reduction in the irrigation requirements for the same 

functional unit (crop profile output). It should be noted that calculations on expected 

crop productivity increases from CO2 fertilization are not within the scope of this 

study. This research only identifies the overall increase in energy requirement as a 

result of carbon capture integration which would need to be balanced through 

increases in crop productivity, which in turn result in an overall reduction in the water 

requirement and therefore energy consumption.   

The EWF Nexus tool and its constituting modular sub-system LCI models are 

developed with intricate parameterisation of unit processes. Considering the 

modularity of the tool in terms of the distinct sub-systems and the inherent flexibility 

from engineered unit processes, engineering the system to a desired closed loop 

configuration is possible as detailed in this chapter. Evaluating the benefits from the 

integration of the CC sub-system and the BECCS within the overall EWF Nexus is 

presented within the relevant scenarios in the proceeding results chapter. The CC sub-

system is integrated with CCGT and BIGCC sub-systems when powering the (1) 

water sub-system and, (2) water and food sub-systems (overall nexus energy 

requirement). The key parameters considered include the: (1) % energy increase due 

to the integration of the CC, (2) the corresponding natural gas burden (applicable for 

the case of integration with CCGT), and (3) the additional process water required to 

operate the CC. 
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 Scenario Development  and Chapter 10
Results  

The integrated evaluation carried out using the EWF Nexus modelling system 

developed has adopted a food perspective for the a hypothetical food system in the 

Qatar. The scenarios analysed do not represent the method of operation today, which 

involves the use of fossil fuel derived electricity from the grid to power pumps that 

extract and transport aquifer water. The objective of the scenarios analysed is to 

evaluate the environmental impact of increasing domestic food production in Qatar to 

meet the country’s food security aspirations in a modernised system which avoids the 

use of depleting aquifer water and explores the possibility of alternative power 

generation options. The defined service function of the individual sub-systems 

represented within the EWF Nexus have been scaled so as to serve the selected crop 

profile. The analysis is conducted for a number of different scenario configurations 

all of which serve to deliver the same crop profile. As a starting point, the results for 

the seven fossil fuel driven water-energy configurations analysed in this research are 

presented. Next, the integrated EWF Nexus results for the Qatar food sub-system 

options considered are presented.  

 

10.1 Optimum fossil fuel energy – water configuration: 

The seven fossil fuel driven water-energy configurations analysed in this research 

represent a spectrum of different options for the provision of water. The 

configurations which are illustrated in Table 10-1 are characteristic of facilities 

which currently exist or can be implemented in Qatar. Comparing the Qf/D for every 
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water-energy configuration enables the evaluation of the different means in which 

fuel is utilised to provide the energy requirements for desalination systems (thermal, 

mechanical, or both), thereby the most efficient configurations are identified.   

The Qf/D is the most appropriate rating method because it represents the fuel 

consumption in desalination processes, especially when dual purpose (power and 

water) configurations are utilised. It considers the actual heat quantity supplied by 

the motive steam to the brine heater within the MSF process. In this regard, it 

considers the pressure and temperature of the motive steam (i.e. the quality of the 

steam) which is indicative of its ability to produce work (also known as 

exergy/availability). Furthermore, the pumping requirements within the desalination 

processes which also necessitate a fuel cost are included in the derivation of Qf/D 

(Darwish et al., 2009). Therefore the Qf/D parameter deduced for every configuration 

accounts for the total energy consumed (including heat and work) within the 

desalination process. The results presented in Table 10-1 includes the reference water 

capacity used in the derivation of the Qf/D for every configuration which is also 

compared with the Darwish et al.  (2009) published results.  

   Table 10-1: Summary of fossil - fuel and water sub-system results.  
 
 

Case description 

 
Reference 
𝑫𝑫 (kg/s) 

 
(𝑸𝑸𝒇𝒇/𝑫𝑫) 

Literature 
(MJ/m3)  

 
(𝑸𝑸𝒇𝒇/𝑫𝑫) 

 model 
(MJ/m3) 

Fuel fired boiler driving MSF (FFB-MSF) 332.2 311.9 351 
Steam extracted from steam turbine driving MSF  (CEST-MSF) 522.0 198.5 209 
Steam cycle driving RO (CST-RO) 1922 56.8 52 
GT driving RO (GT-RO) 1775 58.4 51.9 
GT/ST cycle driving RO (CCGT-RO) 2,514.0 41.2 39.8 
GT with HRSG driving MSF and RO (CCGT –RO+MSF) 1,824.7 56.8 51.6 
GT/ST cycle with BPST driving RO and MSF (BPST – RO+MSF) 2,427.0 42.7 39 

 

From the results presented in Table 10-1 and illustrated in Figure 10-1 it can be 

deduced that an MSF process driven by a fuel fired boiler or from steam extracted 

from a steam turbine consume exceptionally high specific fuel energy. Furthermore, 

configurations which utilise RO desalination processes require comparable amounts 

of specific fuel energy in which the RO driven by the CCGT and the joint RO-MSF 

system which utilises a BPST in its operation are the most energy efficient. For the 

purposes of this research, the selection of the fossil fuel driven energy-water 
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configuration depends on the; (1) the specific fuel energy requirement, and (2) 

integrative capacity with other sub-systems within the EWF Nexus. As such, the 

CCGT- RO configuration has been selected for the following reasons: 

• requires low specific fuel energy consumption, therefore its use to meet the 

EFW nexus requirements is expected to impact the integrated results the least,  

• the total reliance on a grid connection enables the swift integration of 

renewable energy technology and other energy utilising sub-systems, 

• RO systems can be situated independently of power generating technologies 

enabling the optimum choice of location for water and energy sub-systems.  

 

 

 

 

 

 

 

Figure 10-1: Specific fuel energy (Qf/D) for different energy-water configurations.  

 

10.2 Integrated Assessment of the Qatar EWF Nexus 

The sub-system LCI inventory models developed are used to calculate the life cycle 

environmental impact of Qatar’s EWF Nexus for different scenarios that meet the     

40 % target for domestic production per year. The assessment includes the 

quantification of the global warming, human toxicity and acidification potentials in 

addition to the land footprint and natural gas consumption for every scenario per year 

of sub-system operation. These impacts are in addition to the impact on the Arabian 

Gulf which is considered constant across all scenarios as the location, water intake 

volume and the recovery ratio for the desalination process are fixed. Table 10-2 

details the seven scenarios and sub-scenarios considered to meet Qatar’s 40% food 

security target. The three sub-scenarios in each case include; (a) a reference scenario, 

(b) the integration of the relevant technology (i.e. PV and/or BIGCC, and/or BECCS) 
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with the water-subsystem (i.e. the RO unit process), and (c) the integration of relevant 

technology with all sub-systems within the EWF Nexus i.e. water and food sub-

systems.  

                      Table 10-2: Scenarios considered in Qatar’s 40 % domestic production target. 
Scenario a b c 

1 
Conventional 

mode 

CCGT is used to power all 
water and food sub-
systems. 

PV is integrated with the 
water sub-system. 

PV is integrated with 
water and food sub-
system.  

2 
Integration of 

BIGCC 

BIGCC power is distributed amongst water and food sub-systems.                   

CCGT is used to power all 
water and food sub-
systems. 

PV is integrated with 
water sub-system. Food 
sub-system is powered by 
the CCGT. 

PV is integrated with 
water and food sub-
systems. 

3 
Integration of 

biochar 

BIGCC power and biochar savings are distributed amongst water and food sub-
systems. 
CCGT is used to power all 
water and food sub-
systems. 

PV is integrated with 
water sub-system. Food 
sub-system is powered by 
the CCGT. 

PV is integrated with 
water and food sub-
systems. 

4 
Integration of 

CC 

Same as scenario 1(a). CC is integrated with the 
CCGT powering the water 
sub-system. 

CC is integrated with the 
CCGT powering the water 
and food sub-systems. 

5 
Integration of 

CC with 
CCGT and 
stand-alone 

BIGCC 

BIGCC power is distributed amongst water and food sub-systems. 

Same as scenario 2(a). CC is integrated with 
CCGT powering water 
sub-systems.         

CC is integrated with 
CCGT powering water 
and food sub-systems.         

6 
Integration of 

CC with 
CCGT and 

BIGCC 
(BECCS). 

BIGCC power is distributed amongst water and food sub-systems.                 

Same as scenario 2(a). CC fitted with facilities utilising CCGT to power food 
and water sub-systems.  

CC is fitted with the 
proportion of BIGCC used 
to power water sub-
system.   

CC is fitted with the full 
proportion of BIGCC used 
to power water and food 
sub-systems.   

7 
Integration of 

PV and 
BECCS (CC 
and BIGCC). 

BIGCC power is distributed amongst water and food sub-systems.                         

Same as scenario 2(a). PV is integrated to power 
the water sub-system.  
The food sub-system is 
powered with the CCGT 
integrated with CC.  
The BIGCC is integrated  
with CC. 

PV is integrated to power 
the water and food sub-
systems.  
The BIGCC is integrated 
with CC. 
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The results presented are categorised in terms of the emissions from the energy sub-

system in driving the water and food sub-system and the non-energy related 

emissions from the food sub-system. The non-energy related emissions from the 

water sub-system are considered negligible as the main impact on the environment is 

considered and involves the Arabian Gulf effects, represented by the 1D advection 

diffusion salinity model and the integration of the brine effluent in the LCA, which 

are discussed separately.  

 

 Scenario 1 – Conventional Mode  10.2.1

Considering the uncertainty ranges in the computation of emissions from the 

livestock, the upper and lower limits of emissions from two livestock management 

systems are detailed in this scenario; (a) dry lot and (b) liquid slurry in which the 

process diagram for scenario 1(b) is illustrated in Figure 10-2. The largest GWP for 

all scenarios detailed in Table 10-3 originate from the food sub-systems for the two 

manure management systems considered, as illustrated in Figure 10-3. 

Table 10-3: Description of Scenario 1: Conventional mode 

1(a) 1(b)  1(c) 
CCGT is used to power 
all water and food sub-

systems. 

PV is integrated with the 
water sub-system. 

PV is integrated with water 
and food sub-system.  

 

The results demonstrate that within liquid slurry manure management system, the 

non-energy related emissions contribute about 73 %, 95 % and 99 % of the total GWP 

in scenarios 1(a), 1(b) and 1(c) respectively. Non-energy related emissions from the 

food sub-systems do not change across the different configurations. However, the 

energy related emissions for the water and food sub-systems vary depending on the 

power generation technology utilised. Since only the energy related processes within 

the water sub-system release GHG’s, the non-energy related emissions are not 

presented in Figure 10-3. 

 The largest share of GHG emissions emanates from the livestock sub-system 

representing over 90 % of the total emissions from within the food sub-systems and is 

consistent over the three scenarios. Furthermore, the methane emissions from enteric 

fermentation and manure management systems represent over 95 % of the emissions 

  227 





Discussion     

 

 

Figure 10-3:  Total GWP for Qatar’s EWF Nexus system for (a) 100 % utilisation of liquid 
slurry based manure management system, and (b) 100 % utilisation of a dry-
lot manure management system. 

The acidification potential does not show any significant variation in trend amongst 

the three scenarios as illustrated in Figure 10-4(b). This is because the single largest 

contributor to the acidification potential are the NH3 emissions from the livestock 

sub-system, whilst the non-energy related emissions from the water sub-system are 

negligible. Whereas the acidification potential from the non-energy emissions 

remains constant for the different scenarios, the acidification potential from energy 

generation becomes negligible as CCGT is substituted with solar PV in scenario 1(c). 

The integration of PV to power the water sub-system reduces the GWP by 24 %. A 

larger roll out of PV to power the entire nexus system (water and food sub-systems) 

reduces the GWP by a total of approximately 27 %. The life cycle of the PV module 

has been considered such that the energy payback period for the manufacture of the 

PV module is 3 years.  
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 Figure 10-4: Total human toxicity and (b) acidification potential for Qatar’s EWF Nexus 
  system. 

The introduction of solar PV requires an increase in land occupation as illustrated in 

Figure 10-5 which illustrates the constant agricultural land requirement of 9,420 ha 

and the PV land requirement. The lower limit for each scenario considers the total 

agricultural land requirement and the PV land requirement considering the module 

area of PV’s multiplied by the number of PV modules required. The upper limit 

considers the total agricultural land requirement and the PV land requirement 

utilising the area of a 100 MW PV power plant multiplied by the number of 100 MW 

PV power plants required. In the full PV deployment scenario, approximately 8 PV 

power plants with a total area of 5 km2 or 500 ha are required (roughly equivalent to 

450 full size football pitches).  

 

Figure 10-5: Total land footprint (a) and natural gas requirement (b) for Qatar’s EFW Nexus 
system in scenario 1. 
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As the deployment of PV replaces the CCGT, consumption of natural gas reduces 

significantly as illustrated in Figure 10-5(b). Furthermore, the natural gas used to 

manufacture the PV modules (aggregated over 30 years) represents 97 % of the total 

natural gas requirement. Finally, for all configurations within scenario 1, the process 

requirement for natural gas in the manufacture of ammonia is negligible in 

comparison to the natural gas consumed in power generation.  

The total outputs for the different impact categories evaluated in scenario 1 are 

compiled in Table 10-4. 

                                             Table 10-4: Total outputs for all impact categories in scenario 1.    
Impact category Description Scenario  

  1(a) 1(b) 1(c) 

GWP – Liquid slurry 
(kg CO2 eq.) 

Upper range 2.35×109 1.93×109 1.89×109 
Mean  1.72×109 1.31×109 1.26×109 

Lower range 1.34×109 9.29×108 8.84×108 
GWP – Dry-lot 

(kg CO2 eq.) 
Upper range 2.67×109 2.25×109 2.21×109 

Mean  1.88×109 1.47×109 1.42×109 
Lower range 1.42×109 1.01×109 9.64×108 

Human toxicity  
(kg 1,4-DCB eq.) 

 9.12×107 1.22×107 3.53×106 

Acidification 
(kg SO2 eq.) 

 3.72×107 3.67×107 3.66×107 

Natural gas 
(kg) 

 1.69×108 4.29×107 2.92×107 

Land footprint 
(ha) 

Upper range  
Lower range 

9.42 
9.42 

9.86 
10.76 

9.92 
10.92 

  

  

 Scenario 2 – Integration of BIGCC 10.2.2

Scenario 2, detailed in Table 10-5, involves the integration of the power available 

from the BIGCC within different configurations involving the CCGT and PV as 

illustrated in Figure 10-6. The GWP impact of the BIGCC will vary significantly 

depending on whether the BIGCC is considered carbon neutral, i.e. if the CO2 

emissions from the BIGCC are accounted for in the GWP calculations. It should be 

noted that the remaining scenarios will only consider the liquid slurry management 

system in the compilation of integrated results.  
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The human toxicity potential decreases with increasing deployment of PV as 

illustrated in Figure 10-8(a).  The non-energy related emissions from the within food 

sub-systems remain constant as the integration of power technologies do not have an 

impact on emissions. The BIGCC releases a large amount of NH3 in comparison 

which is equivalent across scenarios 2(b) and (c). The NH3 released represents 92 % 

of the total human toxicity potential originating from the energy emissions from 

within food sub-systems, equivalent to 68 % from the total human toxicity potential 

considering all categories (i.e. including non-energy related emissions from food sub-

systems). With respect to the total acidification potential, the impact across all three 

categories is heavily influenced by NH3 emissions, representing a share of over 90 % 

for all three configurations as illustrated in Figure 10-8(b). 

 

Figure 10-7: Total GWP for the integration of the BIGCC (a) 100 % carbon closure and (b)   

0 % carbon closure for Qatar’s EWF Nexus system in scenario 2.    

 

Figure 10-8: Total human toxicity potential (a) and Acidification potential (b) for Qatar’s 
EWF Nexus system in scenario 2.  
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The introduction of the BIGCC reduces the total land requirement in comparison to 

the previous scenario evaluated (scenario 1) as illustrated in Figure 10-9(a). The 

maximum required land footprint is reduced by 20 % in the full deployment of PV 

and BIGCC scenario. The integration of the BIGCC reduces the natural consumption 

required for power generation amongst the three scenarios as illustrated in Figure 

10-9(b). In fact, the integration of the BIGCC enables a natural gas credit when PV’s 

are deployed to drive the water sub-system (1.25×108 kg/year) and both the water and 

food sub-systems (1.42 ×108 kg/year).  

 

Figure 10-9: Total land footprint (a) and natural gas requirement (b) for Qatar’s EFW nexus 
system in scenario 2. 

The total outputs for the different impact categories evaluated in scenario 2 are 

compiled in Table 10-10. 

                                             Table 10-6: Total outputs for all impact categories in scenario 2.    
Impact category Description Scenario  

  2(a) 2(b) 2(c) 

GWP  
(kg CO2 eq.) 

100 % CO2 closure 
0 % CO2 closure 

1.24×109 
2.45×109 

1.18×109 
2.39×109 

1.18×109 
2.38×109 

Human toxicity  
(kg 1,4-DCB eq.) 

 3.74×107 2.63×107 2.50×107 

Acidification 
(kg SO2 eq.) 

 2.39×107 2.38×107 2.38×107 

Land footprint 
(ha) 

Upper range  
Lower range 

9.42 
9.42 

9.61 
9.48 

9.63 
9.49 

Natural gas 
(kg) 

 
2.26×107 -1.25×108 -1.42×108 
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 Scenario 3 - Integration of biochar 10.2.3

Scenario 3, detailed in Table 10-7 integrates biochar into the 100 % carbon closure 

system presented in scenario 2. Evidently, there is small improvement with the 

integration of biochar. This is because it is assumed that the biochar has no impact on 

the physical processes within the livestock management sub-system (i.e. enteric 

fermentation and manure management).                                       

 
                                      Table 10-7: Description of scenario 3.   

3(a) 3(b)  3(c) 
BIGCC power and biochar savings are distributed amongst water and food sub-systems.                            
CCGT is used to power all water 
and food sub-systems. 

PV is integrated with water sub-
system. Food sub-system is 
powered by the CCGT. 

PV is integrated with water and 
food sub-systems.  

 

The integration of biochar corresponds to an improved WUE, which in turn reduces 

the irrigation requirement. Therefore, the capacity of the desalination plant and hence 

its power requirement is reduced accordingly. In scenario 3, the total GWP is reduced 

by 3 %, 0.7 % and 0.4 % as compared to scenario 2 across all three configurations. 

Although, this study adopted a conservative 50 % improvement in WUE and 50 % 

improvement in nutrient uptake, it is unlikely that a more optimistic assumption 

would yield significant improvements in the total GWP. This is due to the very 

significant emissions from non-energy related processes generated within the food 

sub-systems. Not considering the aforementioned emissions, which are constant 

amongst the three configurations, the total GWP considering the energy related 

emissions from the water and food sub-system is reduced by 50 %, 50 % and 75 % 

respectively across the three configurations as illustrated in Figure 10-10(a).  

Furthermore, the total human toxicity is significantly reduced with the addition of 

biochar across all categories, with near negligible emissions from energy related 

emissions when powering the water and food sub-systems with PV as illustrated in 

Figure 10-10(b). The major reduction in the human toxicity potential is a result of the 

decreased emissions from fertilizer production process, which are reduced due to the 

50 % fertilizer replacement ratio with biochar. 

  

  235 



Discussion     

 

Figure 10-10: Total GWP (a)  and Human Toxicity (b) Potential for Qatar’s EWF Nexus 
system in scenario 3. 

The maximum PV deployment extends the land foot print by approximately 100 ha 

beyond the agriculture zone as illustrated in Figure 10-11(a). Figure 10-11(b) presents 

the natural gas requirement in scenario 3. The integration of biochar decreases the 

overall natural gas required to support the EWF Nexus. This is through the decreased 

CCGT requirement when driving the water sub-system and food sub-system, in 

addition to the decrease process requirement for natural gas in the manufacture of 

ammonia. In this scenario, the natural gas credit is increased to a maximum of 

1.44×108 kg in the case where the BIGCC, biochar and PV are integrated.  

 

Figure 10-11: Total land footprint (a) and natural gas requirement (b) for Qatar’s EFW     
nexus system in scenario 3. 
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The total outputs for the different impact categories evaluated in scenario 3 are 

compiled in Table 10-8. 

                                             Table 10-8: Total outputs for all impact categories in scenario 3.    
Impact category Description Scenario  

  3(a) 3(b) 3(c) 

GWP  
(kg CO2 eq.) 

100 % CO2 closure 1.20×109 1.17×109 1.17×109 

Human toxicity  
(kg 1,4-DCB eq.) 

 1.71×107 1.15×107 1.08×107 

Land footprint 
(ha) 

Upper range  
Lower range 

9.42 
9.42 

9.52 
9.45 

9.53 
9.45 

Natural gas 
(kg) 

 
1.41×107 -1.36×108 -1.44×108 

 

 Scenario 4 – Integration of CC 10.2.4

In comparison to scenario 1(a), scenarios 4(b) and 4(c) (see Table 10-9) utilise CC 

technology for emission reduction as a replacement for the PV used in the 

corresponding scenarios 1(b) and 1(c). The process flow system diagram illustrated 

in Figure 10-12 represents the full integration of CC as described by scenario 4(c). 

In the computation of integrated results, it is assumed that a CCGT-RO system will 

provide the additional water requirement for the CC sub-system. This includes the 

process water requirement in addition to the water requirement for power generation. 

Furthermore, in this scenario the additional power required to drive the CC process is 

converted into a natural gas fuel cost (quantity) which is accounted for in the 

integrated results.  

  
              Table 10-9: Description of scenario 4. 

4(a) 4(b)  4(c) 
 
Same as scenario 1(a). 

CC is integrated with the 
CCGT powering the water 
sub-system. 

CC is integrated with the CCGT 
powering the water and food sub-
systems. 
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Table 10-10 presents the energy, water and natural gas requirements corresponding 
to scenarios 4(b) and 4(c) respectively.  

 
 

    Table 10-10: Energy, water and natural gas requirements after the integration of CC  
    with the CCGT driving the water (4b) and food sub-systems (4c).  

 

Integration with 
water sub-
system (4b) 

Integration 
with water and 

food sub-
systems (4c) 

Scenario energy requirement (MWh)  1.22×106 1.35×106 
Energy required for CO2 capture (MWh) 1.03×105 1.14×105 
Energy required for CO2 compression (MWh) 3.88×104 4.30×104 
% increase in CCGT load due to CC 11.7 11.7 
Additional natural gas requirement (kg) 1.88×107 3.48×107 
CC process water requirement (kg) 1.17×107 1.30×107 

  

     
Figure 10-13: (a) Total GWP and (b) natural gas footprint for Qatar’s EWF Nexus system in 

scenario. 4.   

The total outputs for the different impact categories evaluated in scenario 4 are 

compiled in Table 10-11. 

                             Table 10-11: Total outputs for all impact categories in scenario 4.    
Impact category Scenario  

 4(a) 4(b) 4(c) 

GWP  
(kg CO2 eq.) 

1.72×109 1.31×109 1.26×109 

Natural gas 
(kg) 

1.69×108 1.87×108 1.89×108 
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scenario 4, the natural gas requirement increases with larger integration of CC 

technology due to the increased power requirement as illustrated in Figure 10-15(b).  

Table 10-13 presents the energy, water and natural gas requirements corresponding 

the integration of the BIGCC and the integration of CC with the CCGT driving the 

water (5b) and food sub-systems (5c). 

 

    Table 10-13: Energy, water and natural gas requirements after the integration of the 
BIGCC and the integration of CC with the CCGT driving the water (5b) 
and food sub-systems (5c).  

 

Integration 
with water sub-

system (5b) 

Integration 
with water and 

food sub-
systems (5c) 

Scenario energy requirement (MWh) 1.75×105 1.94×105 
Energy required for CO2 capture (MWh) 1.48×104 1.64×104 
Energy required for CO2 compression (MWh) 5.58×103 6.19×103 
% increase in CCGT load due to CC 11.7 11.7 
Natural gas required to power CC (kg) 3.43×106 3.86×106 
CC process water requirement (kg) 1.94×106 2.18×106 

 

Figure 10-15:  (a) Total GWP and (b) natural gas footprint for Qatar’s EWF Nexus system 
in scenario 5. 

 

The total outputs for the different impact categories evaluated in scenario 5 are 

compiled in Table 10-14. 

 

                             Table 10-14: Total outputs for all impact categories in scenario 5.    
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Impact category Scenario  
 5(a) 5(b) 5(c) 

GWP  
(kg CO2 eq.) 

1.24×109 1.18×109 1.18×109 

Natural gas 
(kg) 

2.26×107 3.02×107 4.32×107 

 

 Scenario 6 - Integration of CC with CCGT and BIGCC (BECCS). 10.2.6

In scenario 6 detailed in Table 10-15, the CC sub-system is integrated with the two 

power generating sub-systems (CCGT and BIGCC) as illustrated in Figure 10-16. 

 

  Table 10-15: Description of scenario 6.  
   

BIGCC power is distributed amongst water and food sub-systems.                

 CC fitted with facilities utilising CCGT to power food and water 
sub-systems.  

Same as scenario 2(a). CC is fitted with the proportion 
of BIGCC used to power water 
sub-system.   

CC is fitted with the full 
proportion of BIGCC used to 
power water and food sub-
systems.   

 

Table 10-16 presents the energy, water and natural gas requirements corresponding 

the integration of the BIGCC with the water sub-system portion of the BIGCC (6b) 

and the integration of the CC with the BIGCC integrated with water and food-sub-

systems (6c). The energy, water and natural gas requirements corresponding to the 

integration of the CC with the CCGT driving the water and food sub-systems has 

been detailed previously (see Table 10-13). 

Integrating the CC sub-system with the BIGCC entails a significantly larger energy 

burden than its integration with the CCGT (~50 % larger). This is primarily due to the 

larger CO2 emission factor when combusting syngas instead of natural gas. As such, 

the energy cost associated with expanding the BIGCC into the BECCS is discounted 

from the total energy potential from the BIGCC. Furthermore, as with previous 

scenarios involving the coupling of the CC to the CCGT, the additional natural gas 

requirement required to drive the CC is accounted for in the integrated results.  
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performance. The integration of the BECCS within the water sub-system in scenario 

6(b) reduces the GWP by 88 % and an additional 61 % in scenario 6(c) as compared 

to the baseline scenario 6a (same as 2a) as illustrated in Figure 10-17(a). The natural 

gas consumption illustrate in Figure 10-17(b) comparable results for scenarios 6(b) 

and 6(c). This can be attributed to the consistency in the natural gas usage, especially 

in terms of CCGT-CC integration.  

The total outputs for the different impact categories evaluated in scenario 6 are 

compiled in Table 10-17. 

 

Figure 10-17: (a) Total GWP and (b) natural gas footprint for Qatar’s EWF Nexus system in 

scenario 6. 

 

                             Table 10-17: Total outputs for all impact categories in scenario 6.    
Impact category Scenario  

 6(a) 6(b) 6(c) 

GWP  
(kg CO2 eq.) 

1.24×109 1.38×109 2.52×107 

Natural gas 
(kg) 

2.26×107 5.83×107 5.83×107 

 

 

 Scenario 7 - Integration of PV and BECCS (CC and BIGCC). 10.2.1

Scenario 7 described in Table 10-18 integrates the full spectrum of technology 

options (PV, BIGCC, BECCS) to achieve maximum environmental benefits with the 
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The significant benefits of this integration in terms of GWP are illustrated in Figure 

10-20. The environmental savings from the livestock sub-system are highly 

dependent on two factors; the portion of manure that is captured and transferred to the 

process facility and the carbon closure ratio (%) of the system. In the assumed 

manure capture efficiency of 50 % although conservative, alongside the 100 % 

carbon closure for the EWF Nexus provides the maximum theoretical achievable 

negative emission of 1.15×109 kg CO2/year as illustrated in Figure 10-19. The 

integration of the PV, BIGCC, and progressively the BECCS result in profound 

emission savings for the Qatar EWF Nexus. When considering the negative emission 

phenomena of the BECCS illustrated in Figure 10-19 the large GWP, specifically 

from enteric fermentation can be largely balanced.  

 

 

 

 

 

 

 

 

 

Figure 10-19: Negative emission assessment from the integration of the BECCS in scenario 
7.  

The complete roll out of PV and the BECCS (BIGCC +CC) in the water and food 

sub-systems results in a GWP decrease from 1.24 ×109 kg CO2eq. to 2.01×107 kg 

CO2eq/year (~98 % reduction) as illustrated in Figure 10-20(a), and a 127 % decrease 

in natural gas consumption (27 % in credit) as illustrated in Figure 10-20(b). As with 

previous scenarios, the energy needed to desalinate the process water required for 

gasification and carbon capture is assumed to be sourced from a RO desalination 

plant which is driven by a CCGT system. In order to completely eliminate the 
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utilisation of natural gas for this scenario i.e. utilise a PV- RO configuration to 

provide the water requirement for the BIGCC and CC processes, a 7 MW capacity 

PV power plant can deliver the annual energy requirement to enable for such a 

substitution to take place.  

 

 

   Figure 10-20: (a) Total GWP and (b) natural gas footprint for Qatar’s EWF Nexus system 
in scenario 7. 

The total outputs for the different impact categories evaluated in scenario 7 are 

compiled in Table 10-19. 

                             Table 10-19: Total outputs for all impact categories in scenario 7.    
Impact category Scenario  

 7(a) 7(b) 7(c) 

GWP  
(kg CO2 eq.) 

1.24×109 2.27×107    2.01×107 

Natural gas 
(kg) 

2.26×107 -1.18×108 -1.32×107 

 

 

 Scenario Comparison  10.2.2

The best results for the different scenarios (listed in Table 10-20) are compared in 

Figure 10-21 , i.e. full integration of technology options with sub-systems within each 

scenario. Evidently, Scenarios 1 – 5 result in similar emission savings from the 
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baseline configuration (scenario 1a) which is completely driven by CCGT; 27 %, 32 

%, 32 %, 27 % and 32 % respectively.  

                                   Table 10-20: Summary of scenarios for comparison.  
Scenario Description 

1(a) 
1(c) 
2(c)  
3(c) 
4(c) 
5(c) 
6(c) 
7(c) 

Baseline 
Complete PV integration 
Complete BIGCC and PV integration 
Complete BIGCC, biochar and PV integration 
Complete CCGT integration with CC 
CCGT integrated with CC and standalone BIGCC 
CC integrated with CCGT and BIGCC 
Integration of PV and BECCS 

 

 
 
Figure 10-21: Comparison of the calculated GWP for different EWF Nexus scenarios. 
 

Scenarios 6c and 7c reduce the GWP potential by 98.4 % and 98.8 % respectively as 

illustrated in Figure 10-22. This confirms that technology integration coupled by a 

holistic systems approach can improve the environmental performance of systems. 

Determining the ideal system configuration would require additional analysis beyond 

the identification of the GWP. For example, the decision between PV and CC 

technology would need to include; an economic assessment and comparison for both 

PV and CC, and the evaluation of possible sinks for CO2 such as is agriculture or 

geological underground storage. 

If agriculture is considered as a potential end user then the energy burden associated 

with the CC must be balanced by enhanced productivity of the food system in which 

the WUE is a key metric. Figure 10-23 illustrates a comparison for the natural gas 

consumption conducted for the different scenarios evaluated. Whilst scenarios 6 and 7 
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result in the largest reduction in GWP. Incidentally, scenarios 2, 3 and 7 result in the 

lowest natural gas consumption, thereby achieving resource credits.  

 

Figure 10-22: % reduction in GWP for different EWF Nexus scenarios (considering scenario 

1a as the reference).  

 

 

Figure 10-23: Comparison of the natural gas consumption for different EWF Nexus 
scenarios.  

The largest reduction in resource consumption is observed within scenarios 2, 3 and 7 

as illustrated in Figure 10-24. The natural gas consumption in scenario 4 increases 

from the baseline scenario (1a), by 12 % which is equivalent to the added power 

required to drive the carbon capture sub-system.  
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Figure 10-24: % reduction in natural gas consumption for different EWF Nexus scenarios 
(considering scenario 1a as the reference).  

 

10.3 Water footprint 

In this study, water requirements to support the operation of different technologies 

used are assumed to be fresh water unless stated otherwise. Therefore the GWP 

associated with the provision of fresh water which is preferably provided through RO 

desalination is integrated in the computation of the final GWP scores illustrated in the 

previous section 10.2. As illustrated in Figure 10-25, irrigation water is by far the 

largest consumer of fresh water across scenarios 1-7. Furthermore scenario 6 which 

utilises the CCGT integrated with CC and the BECCS has the largest water footprint. 

Introducing PV in scenario 7, reduces the water footprint by 22 % and 23 % in 

scenarios 7(b) and 7(c).  

Besides, irrigation water requirement, it is evident that the BIGCC and CC 

technology are the most water intensive because of the large process make up water 

requirement as illustrated in Figure 10-26. In all cases, the irrigation water 

requirement is magnitudes times larger than the sum of the remaining technologies 

combined. Therefore considering a scenario where the source of water is recycled 

water rather than desalinated fresh water would have a positive impact on the 

reduction of the GWP. Considering scenarios 3 (not included in Figure 10-25) to 

enhance the illustration of detail for the other scenario options), the integration of 

BIGCC and biochar reduces the total water requirement by 50 %.  
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The vast majority of the reduction is from the assumed 50 % drop in irrigation 

requirement, with minor influence from the 50 % reduction in fertilizer production 

 

Figure 10-25: Illustration of the different water consumer’s represented in different EWF 

Nexus scenarios (without biochar).  

 

Figure 10-26: Illustration of the different water consumer’s represented in different EWF 

Nexus scenarios (without irrigation).  

Whilst the water requirement of PV is considered negligible; the water requirement in 

the IBGCC process is four times larger than the conventional natural gas driven 

CCGT. This is because of the additional process water required to generate steam for 

the gasification process with the assumption that the water requirement in the CCGT 

portion remains the same.  
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Scenario 6 presents an exceptionally high water footprint in comparison to scenarios 

4 and 5, which can be attributed to the larger integration of CC with the CCGT and 

the BIGCC. Neglecting the irrigation requirement, the integration of the full range of 

environmentally friendly technologies in scenario 7(c) will reduce the water footprint 

by 22 % from its high in scenario 6(c). This is attributed to the utilisation of PV’s 

which eliminate water consumption in the CCGT and CC sub-systems.   

When biochar is integrated into the EWF Nexus, the equivalent natural gas 

consumption drops by 50 % from all other scenarios. This is for the case when the 

annual water requirement was to be supplied by the CCGT using factors developed 

for Specific energy consumption (kWh/m3) for RO (LCI model presented in section 

6.2.1) and natural gas requirement (kg/MWh) (LCI model presented in section 7.3).  

 

10.4 Arabian Gulf Simulation Results 

The results discussed in this section illustrate the local and regional impact of the 

brine discharge from the desalination process on the Arabian Gulf. Although RO is 

the desalination process selected for the computation of integrated results, the 

analysis presented includes MSF for illustration purposes.  

 

 Local impact on Arabian Gulf 10.4.1

Table 10-21 presents the derived characterisation factors for the different chemical 

groups, and the aquatic eco-toxicity potential (ETP) quantified as potentially affected 

fraction (PAF) for RO and MSF processes. Considering the medium range of total 

ETP from RO, the results indicate that for every m3 of water desalinated through RO 

per day, the increase in the ETP is 0.02093 Mill. PAF m3/year (considering the 

medium range). The MSF desalination process yields comparable results in terms 

ETP generated per m3 of water desalinated per day.Therefore, using the group by 

group approach, the variation of ETP with type of desalination process utilised is 

minimal. In the context of Qatar’s total predicted capacity in the year 2025 of 798 

Mill.m3/year in which the Qatar food system requirement equivalent to 220.79 

Mill.m3/year; the ETP generated from the addition of a food system dedicated 

desalination requirement is 28 % of the total increase.   
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    Table 10-21: RO and MSF brine LCA integration utilising group by group approach (for a 
capacity dedicated to Qatar food system requirement). 

  ETP 
(PAF m3/Day/m3 of brine) 

Total ETP  
(million PAF 

m3/year) 
 

Group 
Representative 

chemical 
 

Factors 
 

Values 
 

RO 
 

MSF 
 

RO 
 

MSF 

 
 

Salinity 

 
 

Na+ 

FF 
(days) 

37 

 

 

37.013 

 

 

32.4 

 

XF 
(PAF.m3/kg) 

1 

EF 
(PAF.m3/kg) 

0.0125 

CF  
(PAF.m3/kg) 0.4625 

 

Free 
chlorine 

 
Chloramine 

CF  
(PAF.m3/kg) 3.2×103 

0.00006 

Halogenated 
hydrocarbon CHBR3 

CF  
(PAF.m3/kg) 5.50×104 

0 

 

Metal 

Cu  
CF  

(PAF.m3/kg) 

1.9×102 8.3×10-1 5.50 

Ni 1.9×102 4.5×102 3×10-1 
Cr 1.9×102 3.5×10-1 0   

Total Aquatic Eco-Toxic impact 38.2 38.2 12,662 12,644 
Total Aquatic Eco-Toxic impact (20%) 45.9 45.8 15,195 15,173 
Total Aquatic Eco-Toxic impact (-20%) 30.6 30.5 10,130 10,115 

 

 

 Regional Assessment of Arabian Gulf 10.4.2

With constant parameters for evaporation rate, fresh water inflow and calibration of 

water inflow from the Strait of Hormuz, coupled with the integration of desalination 

plants with a recovery rate of 40 %, the maximum salinity of the Arabian Gulf (S∗) 

increases exponentially as illustrated in Figure 10-27. The S∗ recorded in the year 

2025 for the case without the incorporation of the single Qatar food system dedicated 

desalination plant is 40.10 ppt. The integration of the dedicated 133 MIGD capacity 

in the year 2025 increases S∗ to 40.11 ppt corresponding to an increase of 0.025 %.   
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Figure 10-29: Arabian Gulf sensitivity analysis.  

Alternatively, increasing the fresh water inflow into the Arabian Gulf decreases the 

maximum salinity. Variations of 20 %−
+  in the evaporation rate, desalination 

requirement and fresh water in flow result in variations in S* of approximately 5 %, 

3 % and 1 % respectively, therefore concluding that the evaporation rate has the 

greatest effect on 𝑆𝑆∗. 

 

10.5 Nitrogen Budget  

Table 10-22 presents the nitrogen inputs, outputs and the resulting nitrogen budget 

for the four scenarios considered: (1) without the integration of biochar (assuming 

100 % egg production); (2) 100 % egg production; (3) 50 % egg production; and (4) 

0 % egg production. The outputs for the different scenarios are plotted in Figure 

10-30. 

The large disparities between the different agro-scenario 1 and the remaining 

scenarios is related to the use of biochar as a soil conditioner. Across the 9,420 ha of 

agricultural land within Qatar, the N input for the scenario without biochar 

integration is 2893 kg N ha-1 year-1 and 1449 kg N ha-1year-1 after the biochar has 

been integrated. In agro-scenario’s 2, 3 and 4 the total addition of external N from 

INF amounted to -1.36×10-2 Tg N which is a 50 % reduction from agro-scenario 1. 

The N inputs from BNF and ANF remain the same across the different agro-

scenarios and are negligible in relation. This is because this study assumes that the 
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addition of biochar reduces the total N fertilizer requirement, whilst it does not have 

an impact on BNF and ANF. 

      Table 10-22: Nitrogen budget for Case 1 where nitrate leaching to groundwater is assumed 
negligible.  

 Agro-scenario 
 

Nitrogen parameter          
(Tg  N year-1) 

(1) 
No Biochar 

Biochar Integration  
(2) 100 % egg 

production 
(3) 50 % egg 
production 

(4) 0 % egg 
production 

Inputs 
Biological Fixation 1.26×10-6 1.26×10-6 3.99×10-7 3.99×10-7 
Industrial Fixation 2.72×10-2 1.36×10-2 1.36×10-2 1.36×10-2 

Atmospheric Fixation 4.7×10-5 4.7×10-5 4.7×10-5 4.7×10-5 
Outputs 

Animal products 
 

-7.31×10-3 -7.31×10-3 -7.16×10-3 -7.00×10-3 

Plant products -1.56×10-3 -1.56×10-3 -1.56×10-3 -1.56×10-3 
Leached  - - - - 

Gaseous losses -1.9×10-2 -1.9×10-2 -1.9×10-2 -1.9×10-2 
Total net budget -5.92×10-4 -1.42×10-2 -1.41×10-2 -1.39×10-2 

  

 

Figure 10-30: Illustration of the estimated nitrogen budget in Tg N yr-1 for four agro-
scenarios within the EWF Nexus. 

Furthermore, varying the quantity of eggs produced has a minimal impact on the 

total N deficit. This is because the N exported from eggs represents only 0.17 % of 

the total N exported from animal products.   
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which is facilitated by the tool developed in this research, is to identify and achieve 

maximum emission reduction opportunities. The proceeding text will provide a 

general comment on the state of the EWF inter-linkages, the extent to which they 

have been examined in this study and an evaluation on the Qatar EWF Nexus results.  

 

 Overview of EWF inter-linkages 10.6.1

The EWF Nexus tool operates such that EWF sub-systems are related to one and 

another by expressions of functional units, which are summarised in Table 10-23.  

Table 10-23: Overview of EWF inter-linkages in terms of functional units. 
Inter-linkage Unit Comment 

Energy - Water MJ/m3 Energy required in the provision of water 
Water-  Energy  m3/MWh Water requirement in power production  
Water - Food m3/tonne Water requirement for irrigation 

*Food - Water m3/m3 Virtual water content in food 
Energy - Food  MWh/tonne Power requirement for agricultural facilities 
Food - Energy MJ/tonne Energy potential from biomass or food crops 

*Not considered in this study. 

Food – Water  

The approximate 160 million m3/year peak water requirement is calculated for a crop 

profile designed to deliver a degree of food security for Qatar as illustrated in Figure 

10-32. The crop profile involves a hypothetical scenario involving the production of 

40 % of Qatar’s domestic consumption demand by volume and is focused on 

perishable food items because they represent the highest food security risk. 
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Figure 10-32: Desalination annual supply and demand curve. 

 

The high risk is assigned because they are most likely to lose quality/freshness in the 

case of a severe disruption or shock in trade routes. An additional reason for this 

choice is related to the fact that perishable foods require less water to produce, which 

is desirable for local production 

Any proposed desalination network must be designed to deliver the maximum 

irrigation requirement in the summer months of June and July as illustrated in Figure 

10-32. Incidentally, with the reduction in irrigation requirement in the remaining 

months, there is a surplus in capacity (area between red and blue lines in (Figure 

10-32) which can be utilised in two ways.  The first involves the replenishment of 

depleted aquifers. Upon overcoming geo-technical obstacles, the aquifer can be 

replenished with approximately 115 million m3 of water with 61 million m3 from the 

surplus desalinated water and 54 million m3 from the natural water systems (QNFSP, 

2013). In addition to achieving water security through enhanced water storage in the 

aquifers and food security from domestic production; the utilisation of surplus water 

can be used to meet domestic requirements which can mitigate their respective 

environmental burdens. 

In contrast food products can be expressed in terms of their water content in a concept 

known as “virtual water”, therefore representing an additional inter-linkage within the 

EWF Nexus (Allan, 1997). Although not explicitly integrated in the EWF Nexus 

model, the virtual water inter-linkage is particularly interesting as it relates to the 

global food trade. At present the global trade of food is one that involves food 

sufficient countries exporting to countries that are unable to meet the demands of 

their local population by means of domestic production.  

The virtual water concept constitutes two components; the economic component and 

the agronomic component. The agronomic component involves how much water is 

used to produce the crop and the economic component involves the opportunity cost 

of water (Wichelns, 2001).  

Virtual water is an important concept because it introduces the opportunity cost of 

water as a critical component of policy making. Every nation must weigh the options 
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in importing and exporting commodities in relation to its associated water content. 

For instance countries in which water scarcity is prevalent may benefit from 

importing water intensive products such as food and use the available domestic water 

supplies in less water intensive industries (Allan, 1997). There is a relationship 

between food self-sufficiency and virtual water export. The net importers of virtual 

water are the countries which cannot develop its agriculture industry to a level which 

can meet domestic food demand with current water supplies (Hoekstra and Hung, 

2002).  

In the context of this study, certain crops such as livestock feed (fodder), wheat and 

cereal were omitted from the crop profile because of their poor water characteristics. 

The crop water productivity (CWP) is the amount of water required per unit of yield 

and a vital parameter to assess the performance of irrigated and rain fed agriculture 

and is spatially dependent. Global water savings can be achieved if virtual water is 

being transferred from a low to a high productive site (Renault, 2002).  

Example 1: 

In Qatar the CWP for wheat is 1.06 kg/m3. In 2007, Qatar imported 100, 487 tonnes 

of wheat. Therefore the water saving is equivalent to 106,516,220 m3/year (1.06 m3 

per kg of wheat). It would take 10 RO desalination units producing 300,000 m3/day to 

produce the water required to make Qatar 100% self-sufficient for wheat.  

Qatar imports wheat mainly from two countries, Tanzania and Canada (Liu et. al, 

2006).  

Table 10-24: Virtual water savings using a wheat example in Qatar. 
Country CWP (kg/m3) Global savings (m3/ kg) Global water savings m3 
Canada 0.855 4.8 482,337,600 

Tanzania 0.321 1.35 135,976,995 
 

Example 2: 

Livestock feed crops can be outsourced to other countries as a way to reduce 

desertification and competition for crops. Qatar grew 106,684 tonnes of Alfalfa in 

2006 which has a low CWP of 0.16 kg/m3. It can be outsourced to Ethiopia which has 

a CWP of 0.9 kg/m3 (Peden et al., 2003).  
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Savings: 

Qatar: 106,684 ×103×(1/0.16) = 6,667,755,000 m3 

Global water savings = (106,684) ×1,000×(1/(0.9-10.16) = 141,167,565 m3 

Considering the virtual water concept as an inter-linkage presents clear advantages in 

terms of global utilisation of resources. However, in a volatile region, identifying the 

balance between security of supply and contribution towards local and global 

sustainable development is of paramount importance. In this regard, Qatar with its 

carefully compiled crop production profile which only grows items that are perishable 

can benefit from virtual water; (1) by importing items that can be stored for long 

periods of time, and (2) require large quantities of water which cannot be grown 

economically assuming that all water is supplied from the desalination process.   

 

Energy – Water  

This study assumes a worst case scenario where a once through cooling system (open 

loop) utilises water as a cooling agent in electricity production. In open loop systems, 

water is withdrawn and discharged back to the source at higher temperature resulting 

in evaporative losses. A water-energy coefficient of 0.8775 m3/MWh is used in 

accordance with (Mielke et al., 2010). For countries which are subject to water 

constraints, minimal water consumption cooling technologies such as those utilising 

air can be used.  

However, water-cooling technologies are favoured because of their higher thermal 

efficiency (Siddiqi and Anadon, 2011). It should be noted that the respective power 

requirements for the individual technologies are unclear (i.e. the effect on system 

efficiency). Whilst this study assumes an open loop cooling system for Qatar using 

data from Platts (2009), Siddiqi and Anadon (2011) concluded that GCC countries 

mostly utilise dry air systems. In the context of the energy-water nexus/inter-linkage, 

the use of dry air technologies implies that the relationship between the two resources 

are almost totally skewed towards the complete dependency of water systems on 

energy.  
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The energy and water nexus relationship was initially quantified by expressing the 

specific fuel energy required to desalinate 1 m3 of seawater in different fossil fuel 

driven configurations. Whilst the locations of agricultural production zones remain 

unclear, the energy required for the conveyance of fresh water is not considered. 

Incidentally, knowledge of such zones would provide an interesting research prospect 

with respect to comparing the energy requirement to desalinate and distribute water 

from the coast against the vertical pumping of ground water from areas in closer 

proximity to the agricultural production zones. The results of such research would be 

especially interesting if local aquifers are recharged through the annual surplus of 

water produced from desalination plant as discussed previously.   

 

Energy-Food 

The food for energy relationship has received increased traction with the advent of 

biofuel. Biofuel production increases at times when oil prices are high as government 

incentives to diversify energy resources increase. The combination of high oil prices 

which increases the cost of production and coupled with accelerated biofuel 

production exacerbates the speed at which food price is increased (Piesse and Thirtle, 

2009). In the case of Qatar, the use of scarce fresh water or energy intensive 

desalinated water to grow energy crops is technically negligent. However, the use of 

energy carrying biomass such as manure, which would have otherwise been disposed 

of presents a viable option to feedback energy to the EWF Nexus.  

With regard to the food system examined in this study; there is a wider range of 

energy users that have not been considered in this study such as; agricultural 

(greenhouses) and livestock facilities, food processing, storage and distribution, 

machinery and transportation. Transportation, although not considered as part of this 

study, is particularly interesting. This is because it is previously stated that EWF 

Nexus analysis should encompass all relevant industrial processes regardless of 

geographical boundary. Therefore, the resources that are allocated to producing 

transport fuels (energy carriers), whether in the form of fossil fuel or biofuel, and the 

respective life cycle emissions should be considered as an individual sub-system. 

Analysis related to transport includes both: (1) imports, therefore enabling a global 
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perspective on EWF Nexus, and (2) local transport with a focus on national resource 

consumption (if produced locally) and emissions released to the local environment.  

 

10.7 Evaluation of the Qatar EWF Nexus  

The approach to understanding the EWF Nexus is in accordance with well-

established methodologies specifically developed to enhance the environmental 

performance of product systems. Enabling the analysis of the EWF Nexus, the tool 

developed utilises engineering principles and emission factors where relevant to 

develop representative sub-systems at an appropriate resolution. In measuring the 

corresponding environmental impact, a series of different system configurations and 

scenarios were designed to deliver the same product (crop profile) and were 

evaluated.  

For the Qatar EWF Nexus studied, it is confirmed that the CCGT-RO configuration 

(5) achieves significant advantages over other options in terms of fuel efficiency and 

practicality, albeit with fouling and treatment sensitivities. The use of RO is certainly 

advantageous over its thermal MSF counter part because of its four fold improvement 

in fuel consumption offering reduced unfavourable air emissions. However, 

mechanical and thermal desalination processes share maritime environmental 

concerns as discussed previously.  

Although, in depth analysis into treatment methods and dosing requirements are not 

covered in the scope of this study, a comprehensive overview is available in Darwish 

et al. (2013). The desalination power requirement producing maximum capacity all 

year round is approximately 1,208,050 MWh requiring 7.28 GJ of energy from 

natural gas per MWh. Considering that one barrel of oil produces 5.71 GJ of heat 

(Darwish, 2009); the total irrigation requirement is equivalent to an annual 1,540,714 

barrels of oil. Solar powered desalination is considered a viable alternative with the 

potential to free up at least 1.77×108 kg/year of natural gas which can be exported in 

the form of LNG or through pipeline infrastructure. The use of solar energy for 

desalination provides a source of clean, secure energy with immediate environmental 

benefits and rendering desalination practically carbon free. From an environmental 

perspective, solar energy provides at least 20 years of carbon free energy with a 
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notable but not overwhelmingly large land footprint. The burden of this footprint can 

be rendered insignificant if it is situated in non-urban or arable zones.  

The CO2 closure % determines the extent to which the ~1,000 kg/MWh generated 

from the BIGCC process is a credit to the system. In this study it is assumed that 

carbon closure is 100 % which implies that full CO2 release from the BIGCC is not 

considered in GWP calculations. A CC and utilisation sub-system is also incorporated 

into the EWF model. With respect to GWP, the CC technology can provide the same 

advantages as PV in lowering GHG emissions.  

Scenario 1 involved the direct technological intervention in the form of PV in order to 

replace the sub-systems that utilise CCGT. Initially, the substitution of power is 

calculated for the water sub-system followed by the whole nexus which includes both 

the water and food sub-systems. In summary, the high GWP is maintained because of 

emissions emanating from the non-energy related category within the food nexus 

element, which includes the application of fertilizer, deposits of manure and most 

significantly enteric fermentation. Furthermore, factoring in the lower range 

uncertainty of 50 % does not change the overall trends in GWP. As such, the 

aforementioned emissions continue to retain the highest share of the total GWP.  

In terms of the overall decrease in GWP; the largest drop is observed when the CCGT 

integrated with the water sub-system is substituted for the PV. The reason for this is 

because the irrigation requirement from desalination represent the largest energy 

burden retaining 87 % of the total energy requirement. In the analysis energy 

consumption in the food nexus element is only limited to the production of fertilizer.  

The EWF Nexus coupled with a sub-system modelling approach enables the 

substitution of primary raw material by waste products from the EWF Nexus system. 

Scenarios 2 and 3, introduce the BIGCC sub-system operating at an efficiency of 34% 

and an energy generating capability of 4600 kJ/kgbiomass. The lower energy 

requirement in scenarios 2 and 3 are reflected in the lower GWP as a CCGT driven by 

syngas from the gasification of manure is integrated. The dematerialisation of the 

EWF Nexus system is evident as the natural gas input into the system is reduced, 

achieving a credit in some cases. It should be noted, that introduction of the BIGCC 

reduces emissions from manure deposits and has no direct effect on enteric 

fermentation from livestock. In fact, enteric fermentation has been identified as the 
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single largest contributor to environmental degradation on a global scale where 80 

million tonnes of CH4 is produced annually (Patra, 2012).  

With regards to biochar, on site experimental research is required in order to fully 

understand the true potential for agricultural productivity enhancement through its 

utilisation as a soil conditioner. It is possible that this study may have underestimated 

the environmental savings with the 50 % improvement rate used in the analysis. The 

objective of such research is to identify the optimum productivity increase.  

Carbon capture technology is introduced as a separate sub-system as it consumes 

energy and water whilst enabling sustainable food production. In scenario 4, the GWP 

is reduced with the adoption of the CC sub-system and the largest rate of GWP 

decrease is when the CC is integrated with CCGT sub-system driving the water sub-

system. With the added energy burden required to operate the technology, the natural 

gas requirement rises in proportion to the decrease in GWP.   

Extending the use of CC beyond a natural gas driven CCGT, this study presented the 

theoretical potential from BECCS systems in scenarios 6 and 7. The combination of 

technology options within scenarios 6 and 7 demonstrated that the significant quantity 

of GHG’s released from the livestock sub-system can be largely balanced through the 

BECCS negative emission phenomenon. Furthermore, through the integration of PV 

in scenario 7, the natural gas consumed within the EWF Nexus is reduced resulting in 

a credit, in addition to the further reduction in the total GWP. 

Whilst the results presented were favourable, it is important to consider that a life 

cycle economic analysis encompassing the gasification, combustion, carbon capture, 

transportation and storage (if underground) to confirm the viability of the process is 

required. Furthermore, although the aforementioned components are in operation 

individually, the combined BECSS process as of yet is not a commercially proven 

technology (Gough and Upham, 2010). Some concerns with the BECCS include 

those related to biofuels in general which includes their; impact on land use change 

and competition with food crops for valuable resources. However, the utilisation of 

waste biomass or livestock manure as presented in this study negates those concerns. 

Gough and Upham (2010) state that commercialisation prospects of the BECCS are 

heavily dependent on the adoption of CCS technology. However, the creation of a 

suitable and local market for captured CO2 is one way to alleviate concerns with 
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respect to CC technology especially in the area of storage. The absence of a fully 

functioning commercial BECCS plant makes it difficult to predict the commercial 

prospect of the process. A further obstacle is related to the fact that bioenergy systems 

exist in small scale applications, whilst CC facilities require large scale operations to 

be economically attractive. This represents a scale mismatch in the potential to 

develop a dedicated full scale BECCS system (Rhodes and Keith, 2005).  

The nitrogen budget calculations illustrate that with the assumptions considered, there 

is a nitrogen deficit within the Nitrogen cycle. Conceptually, it should be noted that 

the N budget is calculated for an agro-system rather than a food system. Developing 

an N budget for a food system is a troublesome exercise involving the integration of 

the complex processes that exist within a food system in a form analogous to that of 

the global nitrogen cycle developed by Galloway et al. (2003) and illustrated in 

Figure 3-4. Although the N budgets are recorded with a degree of uncertainty, the 

deficit provides an indication for the quantity of the N unaccounted and/or lost in 

nitrate leaching.  

The agro-system nitrogen analysis conducted in this study is in accordance with the 

methodology detailed by Janzen et al. (2003). In the study of Canada, confidence 

values reflecting the uncertainty attached to the different parameters were 

exemplified. The highest uncertainties are associated with N lost to the environment 

through gaseous emissions and nitrate leaching. The lowest uncertainty is attached to 

N exported in plant and animal products. The limitations regarding the nitrogen 

budget methodology are mainly related to the uncertainty regarding the use of generic 

coefficients in the calculation of N uptake and export and N2 fixation (Janzen et al., 

2003).   

Ultimately, the objective of N budgeting is to set the precedent for the reduction of 

nitrogen losses within agro-systems. Progressing from the hypothetical scenario given 

in this study to practical implementation will require significant research prior to and 

through implementation. The difficult task to synchronise plant N uptake with N 

release from soil organic matter is one way to minimise N losses within the system 

(Campbell et al., 1995). Possible methods to reduce environmental degradation relate 

to altering the N2:N2O post denitrification process, minimising the N lost via N2O and 

maximising the quantity of N2 returned to the atmosphere (Beauchamp, 1997).   
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A key feature of the EWF Nexus model is the determination of the water footprint. 

Although, the model analysis does not distinguish between water consumed or 

withdrawn, it illustrates the allocation of water to the different sub-systems. From the 

analysis presented (section 10.3) it can be deduced that by far the largest consumer of 

water is that required by irrigation. The CC sub-system because of its large 

requirement for make-up process water (assuming process water sourced from 

desalination plants) demonstrates that it is a high water consuming technology 

surpassing power generation technologies.   

Although studies related to open ocean circulation of the Arabian Gulf are widespread 

in literature, models related to integrating desalination processes as a means to predict 

the evolution of salinity are limited.  The 1D advection - diffusion transport model 

replicated in the study provides preliminary insight into the effects of desalination 

processes on the Arabian Gulf which is highly influenced by evaporation. The model 

concludes that the impact from desalination processes depend on the location and 

capacity of desalination plants.  

Furthermore, the sensitivity analysis confirms that the evaporation rate has the largest 

effect on the maximum salinity of the Arabian Gulf. Incidentally, the results also 

confirm that the effect on maximum salinity from anthropogenic expansion of 

desalination processes is comparable to that of the natural evaporative force (~2-3 % 

difference as per Figure 10-29). The model is heavily dependent on the shear 

dispersion coefficient(α) which is calibrated using the longitudinal maximum of 

surface water salinity. As such, the water exchange is assumed to have stable and 

consistent characteristics. As such, the model assumes that what is regarded as 

maximum or peak salinity and its location does not change throughout the year.   

Whilst the oceanographic circulation within the Arabian Gulf is very complex and 

multi-dimensional, it is necessary to ensure that predictive modelling tools adequately 

consider the salinity distribution within the Arabian Gulf as a function of time and 

space. In this regard, the model does not consider the phenomena of the summer and 

winter salinity variation. Furthermore, there is evidence to suggest that the range of 

salinity across the lateral axis is of larger variation than that of the longitudinal axis. 

Wind forces which vary in summer and winter are known to be an influential 

parameter and are also not considered in the model. They are especially important in 

  267 



Discussion     

the southern shallows where changes in wind conditions can affect local circulation 

and water exchange (Swift and Bower, 2003).  Furthermore, any forecasts generated 

through predictive modelling should be validated with real measurements such as 

those conducted by ROPME (2010) in which there is an apparent mismatch with 

predicted trends and collected measurements. In conclusion, shortcomings in the 1D 

advection - diffusion model should be addressed prior to using model outputs as a 

basis for definite conclusions regarding the evolution of salinity within the Arabian 

Gulf. 
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  Conclusions and Chapter 11
Recommendations for Future 
Work 

The EWF Nexus system model introduced in this PhD research achieved its desired 

objectives in developing an integrated methodology that can evaluate the 

environmental performance of product systems. Through sub-system modulation and 

parameterisation of unit process, the EWF Nexus tool can be modified to assess a 

range of different product systems within varying operating climates. The 

functionality of the EWF Nexus tool is illustrated this using a food system case study. 

With input data such as water, energy and fertilizer requirements corresponding to a 

specific crop profile and livestock under management, the environmental 

performance of a food system can be computed. The inter-connected sub-systems 

designed at unit process level have enabled EWF Nexus outcomes to be tailored to 

specific studies as the question of food security in Qatar. Described by a food 

production scenario in the year 2025, the environmental performance of the 

respective food production system has been characterised. 

 

In the application of the EWF Nexus tool, this PhD research demonstrated that within 

the earth system, human and natural sub-systems cannot be considered in isolation. 

They have a symbiotic relationship which are epitomized by processes that represent 

energy, water and food systems. The development of the system model within a EWF 

framework encourages the assessment of the product systems from an environmental 

perspective and through a comprehensive understanding of resource utilization. The 

understanding of EWF linkages in conjunction with natural processes encourages 
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decision and policy making such that human sub-systems are designed with improved 

performance and reduced impact on the environment. 

A systems approach for environmental assessment is a key feature of the EWF Nexus 

tool. Coupled with LCA, the EWF Nexus tool identifies and measures resource 

consumption and translates emissions into environmental scores. Furthermore, the 

sub-system aggregation method on which the analysis using the EWF Nexus is based, 

enables the translation of complex systems into simpler inter-connecting modules 

representing engineering processes. Furthermore, using sub-system modulation, each 

of which is analysed using an assigned sub-system functional unit, allows the 

integration of different processes and the expansion of the EWF Nexus tool to 

consider different unit processes present within a product system.  

The importance of system modelling in enhancing the assessment of environmental 

performance of food systems has been demonstrated in this PhD research. The re-

configuration of the engineered sub-systems enabled the transformation of a linear 

industrial food system to a closed loop cycle, in line with the principles of industrial 

ecology. Technology intervention enabling the cycling of material and energy within 

the EWF Nexus such as the BIGCC and CC, in addition to the substitution of non-

renewable sources of energy with solar PV were shown to offer opportunities to 

significantly reduce the environmental burden of the Qatar food system. As a result, 

the primary raw material consumption (i.e. natural gas) is reduced considerably and in 

some scenarios there is the opportunity to generate a credit.  

The accuracy of EWF Nexus assessment outcomes are highly dependent on the 

quality of input data. The LCI sub-systems models utilised within the EWF Nexus 

have been engineered to an appropriate resolution, representing accurately the nature 

of inputs and outputs for the different unit processes, and validated with published 

literature and industry practise where possible. Generic factors have also been utilised 

where the absence of the specific data required the use of alternative methods in order 

to develop the respective sub-system models. For instance, with respect to the food 

sub-system, IPCC tier 3 generic factors have been used to quantify emissions from 

the management of livestock. As a result, the sub-system responsible for the largest 

GWP emissions is modelled using generic emission factors. In order to address this 
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limitation, a sensitivity analysis considering the upper and lower range for the 

emission factors utilised has been incorporated in the assessment (scenario 1).  

Admittedly, the sub-system life cycle inventory models representative of the food 

production system in the EWF Nexus tool do not represent the full range of unit 

processes that can be included in the assessment. Future work should consider 

expanding the EWF Nexus to consider the full range of food system processes 

including an adequate representation for: (1) domestic and international transport 

(depending on system boundary); (2) all types of fertilizers used (e.g. derived from 

nitric acid and phosphorous); (3) protected agriculture (especially considering the 

cooling load); (4) water pumping and distribution; (5) energy consumption in 

processing and livestock facilities; and (6) soil processes such as carbon sequestration 

and its influence assessment outcomes.  

The work presented in this PhD thesis presents the basis for a wide range of future 

research opportunities both theoretical and practical. For instance, understanding the 

long term implications of increased desalination capacity within the Arabian Gulf is 

critical to the sustainable provision of water. Therefore, it is of strategic importance to 

develop the capacity to accurately and reliably predict the evolution of salinity in the 

Arabian Gulf. In the development of such predictive capacity, all physical parameters 

including the addition of seawater desalination processes should be considered. The 

outcome of this should provide the basis for policymakers to make informed 

decisions about the future integrity of the Arabian Gulf, and its impact on the 

provision of water for food security.  

In addition to developing the necessary sub-systems that will better represent the food 

production system, the expansion of the EWF Nexus tool to provide further avenues 

for the reduction in the total environmental burden represents valid research 

opportunities. For instance, the water sub-system can be expanded to include waste 

water treatment processes as an alternative to desalination. There are however, social 

barriers with respect to the use of waste-water in food production. Furthermore, 

knowledge of the agricultural zones within Qatar can be used to compare the energy 

requirement to desalinate and distribute water from the coast, against the vertical 

pumping of ground water from areas in closer proximity to the agricultural production 

zones.  
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The results of such research would be especially interesting if local aquifers are 

recharged through the annual surplus of water produced from desalination plant as 

discussed previously.   

Furthermore, the deeper understanding of the carbon cycle and its relation to human 

sub-systems, can enhance the environmental performance of food production systems 

through the artificial fertilization of crops with CO2 as detailed previously. The 

energy requirement for the capture of CO2
 has already been calculated in this 

research. Further analysis can determine the energy required to pump the compressed 

CO2 to the agricultural zone. Ultimately, the energy required to capture, compress and 

distribute the CO2 to the agricultural zone will need to be balanced by any energy 

saving from the increase in crop water productivity (CWP). In this regard, further 

experimental research within Qatar is necessary to establish a relationship between 

CWP and kg of CO2 supplied to the green house and/or concentration of CO2 within 

the greenhouse climate.   

The influence of the BIGCC in reducing the need for energy from fossil fuels through 

a natural gas powered CCGT has been demonstrated in this research. In addition to 

validating the energy potential stated in this research through practical 

implementation, the feasibility in the utilisation of different types of biomass with 

varying composition can also be evaluated. With respect to the capture of CO2, the 

technical and economic characteristics of a CCGT-CC configuration are well 

documented. However, the feasibility of a BECCS system is not fully understood, and 

this is reflected by the limited published literature on the topic. As such, further 

research in this subject area to confirm the technical and commercial feasibility of the 

BECCS is an important research area, especially considering its negative CO2 

emission capability.   

Upon technical development of relevant sub-systems required for environmental 

assessment, an economic overlay can be integrated into the EWF Nexus tool to 

provide a life cycle costing mechanism for all sub-systems developed. Furthermore, 

optimisation techniques integrating environmental and economic outputs can be 

applied to determine the optimum sub-system configuration for any given product 

system.  
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In conclusion, the EWF Nexus concept emphasises the need to consider the inter-

linkages between systems representing energy, water and food resources when 

conducting environmental assessments for product systems. Incidentally, the EWF 

Nexus tool developed for the purpose of product system evaluation, considers the 

inter-linkages between EWF systems in the compilation of all inputs and outputs 

throughout the life cycle of a product system. The analysis of several product systems 

within determined system boundaries (i.e. national boundaries) using the EWF Nexus 

tool can provide an indication as to the effect multiple product systems can have on 

energy, water and food systems. In order to enable such analysis, sub-systems 

representing technology options and processes will need to be incorporated into the 

tool highlighting the relevant resource requirements for each process. Furthermore, 

representing technology options in the form of sub-systems in unit process level 

enables the identification of synergies and trade-offs within each product system and 

across parallel product systems.  

In the context of attaining food security in Qatar, the question remains; why grow 

food domestically when it can be imported? The virtual water savings are 

unquestionable. However, the security of food supply for countries such as Qatar in a 

volatile, water scarce and rapidly developing region such as the Middle East is also of 

equal if not greater importance. Therefore responsible domestic production should be 

part of a wider food security strategy involving imports and strategic storage. As 

such, with continuous supply of food a matter of national security, coupled with a 

global responsibility to increase food production to cater for a growing population, it 

is incumbent on Qatar to ensure that as it intensifies its domestic food production, it 

does so sustainably and responsibly.  
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Appendix 1: MSF Results 

                                    Table A1-1: Desalination Plant Calculations. 
Parameter Symbol Value Unit 
Recirculation flow ratio (R/D) R/D 12.1   
Recirculation flow rate R 3835 kg/s 
Latent heat of steam at (100) ƛs 2257 kg/kJ 
Ratio of water production/ heating steam  D/S 7.08   
Steam flow rate  Ms 44.6 kg/s 
Flow rate to ejector  Me 4.46 kg/s 
Heat added to the brine heater  Qbh 100621 kJ/s 
Specific heat added to brine heater/ kg distillate Qbh /D 318.5 kJ/kg 
latent heat of steam to ejector (20 bar) ƛe 1890 kJ/kg 
Temperature of steam at 20 bar Te 212.5 oC 
Heat added to ejector  Qe 12.5 MW 
Specific heat to ejector / kg distillate Qe/D 39.5 kJ/kg 

 

                                     Table A1-2: Recirculation Pump Work. 
Parameter Symbol Value Unit 
Volumetric flow rate of recirculation flow R 3.8 m3/s 
Pressure Drop recirculation pump ∆P 716.13 kpa 
Work Wp_r 1154 kW 
 Total  1.15 MW 

 

    Table A1-3: Cooling Water Pump Work. 
Parameter Symbol Value Unit 
Cooling Seawater water flow rate Mc 3.02 m3/s 
Pressure Drop recirculation pump ∆P 245.25 kpa 
Work Wp_cw 986.46 kW 
 Total  0.986 MW 

 

    Table A1-4: Blow down pump work. 
Parameter Symbol Value Unit 
Make up water flow rate 3D 945 m3/s 
Brine blow down  2D 632  
Pressure Drop recirculation pump ∆P 225.63 kpa 
Work Wp_b 190 kW 
 Total  0.19 MW 

 
Table A1-5: Distillate pump work. 
Parameter Symbol Value Unit 
Work Wp_d 235 kW 
 Total  0.235 MW 
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Appendix 2:  Arabian Gulf Environmental Impact Assessment  

 

I. Coastal Impact  

   Table A2-1: Brine composition from RO desalination process (Zhou et al., 2013) 

1 N.D.: not detected because of low concentration.                  

2 N.R.: not reported.  
3 N.A.: not applicable. 
 

Chemicals SWRO - 
Composition 

Brine/ Feed 
Ratio Uncertainty  

TDS 80028.4   20% 
pH Neutralized     
T (oC) 34     
Turbidity Neutralized     

Salt ions 
Ca 2+ 891.2 1.98 20% 
Mg 2+ 2877.7 1.98 20% 
Na+ 24649.2 1.975 20% 
K+ 888 1.973 20% 

 HCO−
3  315.2 1.97   

      SO4
2− 6745.1 1.98 20% 

Br- N.D.   n/a 
Cl- 43661.5 1.976   
BO2

3− N.D.     
Total  80027.9     

Residual of chemical additives 
Free chlorine Neutralized     
Chloramine N.D.1     
Antifoaming agent N.A.2     
Corrosion inhibitor N.A.3     
Coagulants (Feo(OH) 0.02   20% 
0.05 polyelectrolyte N.R.     
Scale control chemical 
(SHMPandPolymer) 0.04   20% 

By-product  of chemical additives 
Tribromomethane N.D.     
Dibromochloromethane N.D.     
Bromodicholoromethane N.D.     
Chloroform N.D.     
Chlorophenol N.D.     
Chlorobenzenes N.D.     

Membrane cleaning chemicals 
HCL Neutralized     
C6H8O7 Neutralized     
H3PO4 Neutralized     
NaOH Neutralized     
SHMP N.D.     

Metal and Ion 
Copper 0.015   20% 
Nickel 0.003   20% 
Iron 0.00013   20% 
Chromium 0.0035   20% 
Molybdenum 0.0004   20% 
Other trace chemicals N.D.   20% 

  295 



Appendices  

  Table A2-2: Brine composition from MSF desalination process (Zhou et al., 2013). 
Chemicals MSF- Composition  

Average (mg/L) 
CF - USETOX  Average 

PAF.m3.day/kg Uncertainty 

TDS 50300     
pH Neutralized     
T (oC) 34.5     
Turbidity Neutralized     

Salt ions 
Ca 2+ N.R.1     
Mg 2+ N.R.     
Na+ N.R.     
K+ N.R.     

   HCO−
3  N.D.2     

 SO4
2− N.R.     

Br- N.R.     
Cl- N.D.     
BO2

3−- N.D.     
Total  70000     

Residual of chemical additives 
Free chlorine 0.5     
Chloramine N.D. 3.20E+03 10% 
Antifoaming agent 
(Polyethyelene glycol) 0.05     
Corrosion inhibitor N.R.     
Coagulants (Feo(OH)       
0.05 polyelectrolyte       
Scale control chemical 
(SHMPandPolymer) 0.671     

By-product  of chemical additives 
Tribromomethane 0.085 1.90×102 10% 
Dibromochloromethane N.D. 1.10×102 10% 
Bromodicholoromethane N.D. 2.10×101 10% 
Chloroform N.D. 4.10×101 10% 
Chlorophenol N.D. 1.00×103 10% 
Chlorobenzenes N.D. 3.90×102 10% 

Membrane cleaning chemicals 
HCL Neutralized     
C6H8O7 Neutralized     
H3PO4 Neutralized 3.00×102 10% 
NaOH Neutralized     
SHMP N.D. 1.30×103 10% 

Metal and Ion 
Copper 0.1 5.50×104 10% 
Nickel 0.02 1.50×104 10% 
Iron N.D.     
Chromium N.D. 1.00×105 10% 
Molybdenum N.D.     
Other trace chemicals N.D.     
1 N.D.: not detected because of low concentration.                  

2 N.R.: not reported.  
 

 

 

 

II. Desalination capacity input data  
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                                  Table A2-3:  Desalination input data for Arabian Gulf simulation.  
Technology Country capacity (Millions m3/year)      Country capacity (km3/year)      

  UAE Bahrain KSA Qatar Kuwait Total UAE Bahrain KSA Qatar Kuwait Total 

a/L 0.80 0.45 0.30 0.60 0.10 N/A 0.80 0.45 0.30 0.60 0.10 N/A 

MSF 1307.00 91.25 1078.00 386.57 701.96 3722.39 1.31 0.09 1.08 0.39 0.70 3.72 

RO 152.90 43.96 640.90 0.66 0.00 848.54 0.15 0.04 0.64 0.00 0.00 0.85 

MED 315.30 111.16 2.67 3.32 0.00 432.45 0.32 0.11 0.00 0.00 0.00 0.43 

ED 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 

Total (Baseline) 1775.20 246.37 1721.57 390.55 701.96 4835.65 1.78 0.25 1.72 0.39 0.70 4.84 

q (Baseline) 56.48 7.84 54.78 12.43 22.34 153.86 0.06 0.01 0.05 0.01 0.02 0.15 

Total simulation 1775.20 246.37 1721.57 390.55 701.96 4835.65 1.78 0.25 1.72 0.39 0.70 1.78 

q (simulation) 56.48 7.84 54.78 12.43 22.34 153.86 0.06 0.01 0.05 0.01 0.02   

 

                                                             Table A2-4: Population and desalination growth prediction for UAE. 
Year Population AGR (%) Capacity (Mill. m3/year) 
2010 4,975,593   1775.20 
2011 5,148,664 3.42 1835.90 
2012 5,314,317 3.17 1894.04 
2013 5,473,972 2.96 1950.10 
2014 5,628,805 2.79 2004.49 
2015 5,779,760 2.65 2057.54 
2016 5,927,482 2.52 2109.47 
2017 6,072,475 2.42 2160.45 
2018 6,215,216 2.32 2210.64 
2019 6,356,100 2.24 2260.20 
2020 6,495,479 2.17 2309.22 
2021 6,628,057 2.02 2355.88 
2022 6,749,410 1.81 2398.62 
2023 6,861,423 1.65 2438.11 
2024 6,965,642 1.51 2474.86 
2025 7,063,346 1.39 2509.33 

 

  

 

 
 

 

 

 

                                                               Table A2-5-: Population and desalination growth prediction for KSA. 
year Population AGR (%) Capacity (Mill. 
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m3/year) 

2010 25,731,776   1721.57 
2011 26,131,703 1.54 1748.12 
2012 26,534,504 1.53 1774.86 
2013 26,939,583 1.52 1801.75 
2014 27,345,986 1.50 1828.73 
2015 27,752,316 1.47 1855.70 
2016 28,160,273 1.46 1882.78 
2017 28,571,770 1.45 1910.10 
2018 28,985,905 1.44 1937.58 
2019 29,401,901 1.42 1965.19 
2020 29,818,901 1.41 1992.87 
2021 30,235,531 1.39 2020.52 
2022 30,650,502 1.36 2048.06 
2023 31,063,032 1.34 2075.45 
2024 31,472,263 1.31 2102.61 
2025 31,877,311 1.28 2129.50 

 

 

                                                    Table A2-6: Population and desalination growth prediction for Bahrain. 

Year Population AGR (%) 
Capacity (Mill. 

m3/year 
2010 1,180,080   246.37 
2011 1,214,705 2.89 253.49 
2012 1,248,348 2.73 260.42 
2013 1,281,332 2.61 267.21 
2014 1,314,089 2.52 273.96 
2015 1,346,613 2.44 280.66 
2016 1,378,904 2.37 287.31 
2017 1,410,942 2.30 293.90 
2018 1,442,659 2.22 300.44 
2019 1,474,016 2.15 306.90 
2020 1,505,003 2.08 313.28 
2021 1,527,305 1.47 317.89 
2022 1,540,954 0.89 320.72 
2023 1,554,284 0.86 323.48 
2024 1,567,271 0.83 326.17 
2025 1,579,899 0.80 328.79 

 

 
 

 
 

                                                 Table A2-7: Population and desalination growth prediction for Kuwait. 
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Year Population AGR (%) 
Capacity (Mill. 

m3/year 
2010 2,543,172   701.96 
2011 2,595,628 2.04 716.29 
2012 2,646,314 1.93 730.14 
2013 2,695,316 1.83 743.54 
2014 2,742,711 1.74 756.50 
2015 2,788,534 1.66 756.04 
2016 2,832,776 1.57 781.14 
2017 2,875,422 1.49 792.81 
2018 2,916,467 1.42 804.05 
2019 2,955,897 1.34 814.85 
2020 2,993,706 1.27 825.20 
2021 3,030,320 1.22 835.20 
2022 3,066,181 1.18 845.06 
2023 3,101,321 1.14 854.69 
2024 3,135,749 1.10 864.13 
2025 3,169,497 1.07 873.38 

  

                                          Table A2-8: Population and desalination growth prediction for Qatar. 

Year Population AGR (%) 
Capacity (Mill. 

m3/year 
2010 1,719,473   390.55 
2011 1,849,257 7.28 418.97 
2012 1,951,591 5.39 441.53 
2013 2,042,444 4.55 461.63 
2014 2,123,160 3.88 479.52 
2015 2,194,817 3.32 495.43 
2016 2,258,283 2.85 509.56 
2017 2,314,307 2.45 522.04 
2018 2,363,569 2.11 533.04 
 2019 2,406,676 1.81 542.67 
2020 2,444,174 1.54 551.06 
2021 2,476,556 1.32 558.32 
2022 2,504,258 1.11 564.53 
2023 2,527,648 0.93 569.78 
2024 2,547,049 0.76 574.13 
2025 2,562,764 0.62   577.66  

 

Note: In the Arabian Gulf simulation model, the Qatar food system requirement 

equivalent to 220.79 Mill. m3/year is added to table A2-8.  
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Appendix 3: Fertilizer Production 

 

I. Total urea requirement  

 
Table A3-1: Total urea requirement for selected crop profile  

         Crop type Urea fertilizer 
  Application rate (kg/ha) Total requirement (kg) 

Cereals     
Wheat 1 0 
Barley  2 0 
Corn  2 0 

Other Cereal 6 0 
Vegetables - Green house     

Tomato 6 1,116 
Cucumber 2 30,606 

Other Vegetables 6 1,388 
Vegetables (Open field)     

Onion  3 2,482 
Barasicca 4 3,146 

Potato 2 622 
Other Vegetables 6 2,638 
Livestock Grains     

Alfalfa 10 0 
Rhodes grass 10 0 
Other Forages 8 0 

Fruits     
Date Palm 3 5,034 

Lemon 3 4,680 
Other Fruits 3 7,434 

Wind break trees 0 0 
Total urea requirement (kg)   59,146,244 

Total urea requirement (tonnes)   59,146 
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                 Table A4-1: Emission factors for volatile organic compounds (VOC) (Ammonia Emission Manual, 
2004). 

Type of operation Species Factor (kg/tonne) (kg/FU) 
Feedstock desulfurization n-hexane 0.00006 20.14 
Combustion boiler - Natural gas n-hexane 0.00006 20.14 
  Cyclohexane 0.00048 161.1 
  Formaldehyde 0.00024 80.5 
  Benzene 0.00012 40.3 
  Toluene 0.01 3355.9 
Carbon Dioxide Regeneration n-hexane 0.000624 209.4 
Condensate Steam Stripper n-hexane 0.00072 241.62 
 

               Table A4-2: Emission factors for non-organics (Ammonia Emission Manual, 2004). 
Type of operation Species Factor (kg/tonne) (kg/FU) 

Combustion boiler - Natural gas Boron 0.007 2349.1 
 

               Table A4-3: Emission factors for other emissions (Ammonia Emission Manual, 2004). 
 Type of operation CO (kg/t) VOC (kg/t) SO2 (kg/t) NH3 (kg/t) 

Desulphurisation unit and regeneration 6.9 2.7 0.0288 NA 
Carbon Dioxide regenerator 1 0.39 NA 1 
condensate stream stripper NA 0.6 NA 1.1 
 

                Table A4-4: Emission factors for other emissions (Ammonia Emission Manual, 2004). 
 Type of operation CO (kg/FU) VOC (kg/FU) SO2 (kg/FU) NH3 (kg/FU) 

Desulphurisation unit  
and regeneration 2.32 x106 9.06 x 105 9665 NA 
Carbon Dioxide regenerator 3.36 x105 1.31 x 105 NA 3.36 x105 
condensate stream stripper NA 2.01 x 105 NA 3.69 x 105 
 

                Table A4-5: Emission factors for species released to air in urea process (EFMA, 2000b). 
Type of operation Species Factor (kg/tonne) (kg/FU) 

Granulation unit Urea 0.25 1.48 x 105 
 NH3 0.25 1.48 x 105 
Prilling unit Urea 0.5 2.96 x 105 
 NH3 0.5 2.96 x 105 
Vents  Urea 0 0 
 NH3 0.06 3.55 x 104 
 

 

                 Table A4-6: Emission factors for species released to water in urea process (EFMA, 2000b). 
Type of operation Species Factor (kg/tonne) (kg/FU) 

Granulation unit Urea 0.25 1.48 x 105 
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 NH3 0.25 1.48 x 105 
Prilling unit Urea 0.5 2.96 x 105 
 NH3 0.5 2.96 x 105 
Vents  Urea 0 0 
 NH3 0.06 3.55 x 104 
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