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PREFACE		
The structure of this thesis reflects the adventurous journey that I had in my study. I 

started to learn about water accounting in the products supply chain when I was in contact with 

Dr. Kaveh Madani, a faculty member of the Water Resource Engineering Department at the 

University of Central Florida. He introduced me to the concepts of Virtual Water (VW) and Water 

Footprinting (WF). These tools are used to estimate the water used along the products supply 

chain. I started to read more about WF and decided to estimate the VW of products that are 

exported from and imported to Sweden. However, later when I was attending the Food, Water and 

Energy Nexus seminar during the World Water Week in Stockholm, I heard discussion and 

criticism around VW and WF methods. I also became aware of the connections between water, 

food and bioenergy systems and potential environmental concerns from scaling up the bioenergy 

production systems. In one of the seminars, a presenter who had worked in the Life Cycle 

Assessment (LCA) field presented his method for doing the LCA of agricultural products and 

discussed the importance of considering the environmental relevance of water use as well as the 

WF.  

After listening to and participating in those seminars, I became interested in learning more 

about the methods for considering water use in LCAs. I was interested to learn more about the 

potential impacts of water use in biorefinery production systems, and to review the methodologies 

for assessing those impacts. I had background knowledge about the LCA from an elective course 

at KTH University, and further, the kind authorization of Water System Technology program 

coordinator, Dr. Göran Baurne, gave me the chance to do my thesis in this field.  
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ABSTRACT		
Over the last few years, the scientific debates and discussions between water resource 

management scholars and the Life Cycle Assessment (LCA) researchers have brought the impacts 

assessment of water use into more focus. The results of this discourse have led to methodological 

advances for assessing and evaluating the environmental impacts of freshwater use. The first aim 

of this study is to critically review these methods, and then to further compare their 

appropriateness and competencies for the LCA of biorefinery systems. This thesis highlights the 

inconsistencies among the water-use accounting and impact-assessment methods that have caused 

incompatibility among biorefinery system LCA results. The main source of divergence in the 

results is identified as the disharmony between the definitions and assumptions used in 

inventorying water consumption, as well as the variation in the methods and parameters used for 

defining the characterizing factors in their impact assessment.  

All the methods have applied regional characterization factors and developed their impact 

assessment based on water scarcity. However, none of them has developed the impact assessment 

pathway relating to the hydrological cycle changes of water, as well as the synergetic impacts 

resulting from water consumption and pollution. In the literature review, only one case study 

could be found that quantitatively compared methods and contrasted their results. This implies 

that there is a need for more of such case studies to identify the uncertainties and strengthen the 

need for standardization and harmonization.   

Last, the methods are evaluated based on their completeness and environmental 

relatedness; six indicators are developed for measuring this criteria and evaluating the 

appropriateness of the methods in addressing the important aspects related to water use in 

biorefinery systems. As a result, the method developed by Boulay et al., (2011) is identified as the 

candidate for most appropriate method. However, it should be noted that this criterion will not 

reflect the applicability, scientific robustness, acceptability of their method among researchers and 

other stakeholders, and other qualitative and quantitative merits of this method. Further research 

is needed to investigate the other criteria and improve the results. 	  
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GLOSSARY	OF	KEY	TERMINOLOGIES		

The terminologies for classifying different types of water use, water resources, and water 

qualities are different in different reviewed literature. To facilitate understanding of the 

terminologies used in this thesis, they are briefly described in this section.  

Water resource type: 

Deposit, Funds and Flow comprises a classification method for abiotic resources in LCA, 

and are based on the renewability rate of that resource. These classifications can also be used for 

different freshwater resources. The growth rate and the relevant time horizon determine these 

classes. Deposits are not renewable in a time horizon, and therefore they are considered to 

become depleted by their extraction (Finnveden, 1996). In water resource types, fossil water 

resources are classified as deposit resources. Funds are renewable, and while extraction of them 

will temporarily reduce their availability, their re-grow ability will make them available again. 

Lakes and ground water resources can be put into this category (Finnveden 1996). Flows are 

continuously available, and competition over their use is more relevant than their depletion. 

Among freshwater resource types, rivers go into this category. The key point to consider is the 

relevance of the time horizon for different water users and the recharging rate for each water 

resource. The extraction of ground water at a faster pace than its recharging rate is considered to 

cause depletion (Owens, 2001).  

Blue, Green, and Grey water are terms developed by Hoekstra, et al. (2012), and 

comprise another classification system for water resources. Green water is the water stored in the 

top-soil layer and eventually transfers to the atmosphere as a result of evaporation and plant 

transpiration. Blue water is considered to be the water withdrawn from aquifers, streams and 

lakes. Grey water does not describe the source of water but relates more to the use of water. Its 

definition comes later, under “water-use types”.  
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Water use types  

Owens (2001) was one of the first LCA researchers to suggest that assessing water use in 

LCA requires a set of standard definitions. Taking definitions from the US geological survey 

(USGS , 2000), he defined water Use as referring to Utilization of water in which the water is 

Returning to another user. However, the Consumption of water is considered to be the uptake of 

water which denies the water access to another user. Therefore, Evaporative water use or 

Consumptive water use is defined as the water that is not immediately available after it is used. 

The water can be either embodied in the product or it can be evaporated to the atmosphere. The 

water returned to water bodies is defined as non-evaporative water.  

Grey water, also called assimilative water in the literature, refers to the volume of water 

required to dilute a pollutant in that water to reach the legally accepted concentration thresholds. 

In-stream water use refers to in-situ use of water for hydropower use, shipping and 

aesthetics, whereas, off-stream water use refers to any uses that need transporting of water from 

its original water body. Combinations of the above classifications into evaporative/non-

evaporative and in-stream/off stream can define four types of water use (off-stream-evaporative, 

off-stream-non evaporative, in stream-evaporative, and in-stream-non evaporative (Bayart, et al., 

2010). 

Other relevant terms 

River Basin: a river basin is the area of land where rain and snow water drains into a river 

and its tributaries (European Environmental Agency 2012).  In the literature, many other terms 

have been used with similar definitions, such as catchment, catchment area, catchment basin, 

drainage area and water basin (Lambert 1998). 

Watershed: a watershed represents a small area of land that drains into a small stream, 

lake or wetland. There are several watersheds within a river basin. Runoff water: depending on 

soil texture, land slope and land cover, the amount of water that flow over land surface after soil 

is saturated to its full capacity is runoff water (European Environmental Agency).The amount of 
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Effective run-off water is derived from the amount of water rainfall minus the amount of 

evapotranspired water (Rockström, et al., 2009). 

Abiotic and Biotic reosurces: a biotic resource is anything consisting of, relating to, or 

caused by living organisms. An abiotic resource is therefore any physical resource other than 

biological, and is not related to or caused by a living organism (Merriam-Webster’s online 

dictionary n.d.). 
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1 INTRODUCTION		

1.1 BACKGROUND	

Water is present in air, land and oceans, and in different physical forms such as solid, liquid 

and gas. It is abundant at one place or specific times but scares in a slight different time or place. 

It is part of any living being, and all of us depend on access to freshwater for our survival. This 

highly demanded element of life, water, is used for different human activities such as domestic 

use, drinking, hygiene, cooking, agricultural irrigation, and industry. It is evident from all these 

dependencies that preserving freshwater resources is essential for sustainable human societies. 

Water resource management used to focus on provisioning water for human use, and 

sometimes ignored the environmental values of water for the natural environment. This one-sided 

focus arose because human interaction with the environment used to be based on the position that 

humans were the most significant species. Additionally, understanding of the planet’s 

environment was centered on a human perspective. This narrow viewpoint in water management 

has had negative consequences on the environment and caused disasters in different parts of the 

world (Bengt 2000). Among them, the Aral sea disappearing is a famous example of ignoring the 

long-term impacts on water resources in order to increase cotton production, leading to 

ecological, social and economic disasters for that region (Madani, et al., 2010).  

The current pressure on fresh water resources comes from different users and causes. As an 

example, the growing world population and its food demands are both increasing the fresh water 

resource uses for irrigation and degrading the quality of freshwater from leaking fertilizer and 

pesticide run-off (U.N, 2006). On top of these direct cause-effect pathways, indirect consequent-

cumulative impacts such as climate change and global warming are changing the pattern of water 

precipitation and therefore changing its availability (U.N, 2006).  

Considering all these pressures on freshwater resources and the importance of its preserving 

these resources, it becomes crucial to gain clear and sufficient understanding of potential impacts 

on freshwater resources as part of environmental impact assessment studies. For example, the 
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LCA of future biorefinery production at a higher scale needs to realize and include the potential 

pressure on global freshwater resources (UNEP, 2011).  

The development of biorefinery systems and replacement of biofuels with non-renewable 

fossil fuel is seen as a solution to reduce Co2 emissions and preserving the fossil oil resources. It 

is also realized that increasing production of biofuels and bioenergy can be a strategic solution for 

securing a local energy source of oil-dependent countries like the USA (Sissine, 2007). However, 

biofuel production projects are one of the most water-resource dependant activities (Dominguez-

Faus, et al., 2009). In fact the increasing production of biomass as biorefineries’ feedstock, 

especially from food crops, can translate into increased water use for irrigation, which is 

estimated to be around 70 % of total global fresh water use (U.N, 2006). The focus of regulatory 

schemes from GHG emission and energy saving, and neglecting the other environmental concerns 

relating to freshwater resources consumption, may create wrong incentives. In fact, the 

environmental burden on freshwater resources from increasing bioenergy production may offset 

the environmental benefits gained from climate change impact mitigation (Emmenegger, et al., 

2011). 

1.2 AIMS	AND	SCOPE	

The overall aim of this study is to review the current debates and methodological 

advancements in water-use accounting and impact assessment. It also evaluates the application of 

water-use accounting and impact assessment methods in the LCA of biorefinery systems. 

Therefore, this thesis provides the reader with easy access to the relevant debates about this 

particular research field and recommends the best method for conducting water use accounting 

and impact assessment in biorefinery LCA. This literature review also identifies future research 

needs, which are an excellent starting point for readers interested in continuing research in this 

field.  

To further narrow the study scope, answers to the following questions are envisaged: 

 What is the state of the art in water use accounting and impact assessment in current 

literature? 
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 What are the differences and similarities between the reviewed methods?  

 What are the critical aspects in studying the water use and impacts of biorefinery systems?  

 Which method is capable of considering the identified concerns, and therefore most 

appropriate for assessing the impacts of water use in biorefinery systems?  

1.3 METHODOLOGY	

To achieve the aims of this study, a literature review is conducted, and the methods that cover 

the entire scope of water use accounting and impact assessment are chosen. Those methods are 

compared, and their differences and similarities are explained; further, the critical factors related 

to biorefineries’ water use and impact assessment are described and set as criteria to evaluate the 

strengths and weaknesses of the methods in addressing them. The most suitable method based on 

these evaluation criteria is then nominated.  

To assure the validity and reliability of this study, it is conducted using the chronological 

stepwise method described by Fink (2009). To come up with interesting and relevant research 

questions, the literature was first scanned in an informal way. Starting with this early literature 

review allowed the study to proceed with a focus. To gather an objective and rich article base, 

multiple methods have been used. First used was “SUMMON”, a search engine from the 

University of Chalmers, containing 54 information resources such as “Academic Search Premier”, 

“Knovel Library”, “Emerald Journals”, and conference proceedings, university research 

publications, “Medline”, “Science Direct”, “Springer Link”, “ Wiley Inter Science”, etc.  

Second, some articles suggested by an expert in the water resource management field at the 

University of Central Florida were used. The keywords “Water resource use in LCA” and “Water 

resource use impact” was used in the searching tab, which it gave 9,194 and 738,040 hits 

respectively. To narrow these down, books, conference papers and texts were excluded, and only 

English language articles been published after 2000 were chosen. Later in the reviewing process, 

when the study’s aim became clearer, the keywords were expanded to include “bioenergy” and 

“biorefinery” to acquire articles that further supported and complemented the literature review. To 

sort out a relevant literature, only articles related to the research questions were kept. To some 
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extent, other articles were added from the references used in chosen articles. The final number of 

articles became 47 in total. 

For identifying the critical aspects related to water use and impact assessment of biorefinery 

systems, another literature review study, limited to articles in ‘”Biofpr” journal, was conducted. 

The searching words were refined to “biorefinery and water”, and in this way, six articles that 

discussed the nexus between water and biorefinery systems were identified and reviewed. From 

this review, the related criteria and important aspects for evaluating the methods were chosen. 

1.4 OUTLINE	OF	THE	THESIS			

This thesis is structured in the following way; before starting the thesis report, terminologies that 

are used in reviewed literatures of water-use accounting and impact assessment are described. 

Since the terminologies in the current literatures are not harmonized and sometimes one term is 

relabeled and used by another term, this part was necessary to improve the clarity of the 

discussion in this report. After giving the background information about the nexus between water 

and energy in Section  1.1, the aims and scopes of this study are explained in Section  1.2, and it is 

followed by the methodology description in Section  1.3.   

The next Chapter (  2) gives the information about the general stages in biorefinery systems, and 

further, describes three biorefinery systems ( 2.1) to provide a basis for debate in next parts of the 

report. Chapter  3 talks about the water use in biorefinery systems and how it imposes pressure on 

water quality and quantity status. Those changes are tabulated in Table	 2 and based on two levels: 

plant’s root-scale and watershed scale.  

 In Chapter  4, tools that are developed for water-use accounting and impact assessment are 

reviewed. This chapter starts with reviewing the early developments in water use accounting in 

product’s life cycle chain (  4.1) and it is follows with describing the WF method in Section  4.2. 

The next section ( 4.3) is designated to describe the models that are developed within LCA tool 

(Sections:  4.3.4.1,  0,  4.3.4.3). This chapter gives an overview of the identified environmental 

mechanisms in the reviewed literature and depicts the impact pathways that are developed in LCA 

method.  
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Next chapter ( 5) discusses the resemblances and differences of the reviewed models from two 

perspectives; the way in which the water-use is inventorying ( 5.1), and the methods used for 

characterizing the impacts in each model ( 5.2).  Furthermore, in order to compare the models and 

find the most suitable model for studying water-use in biorefinery systems, six criteria are 

developed ( 6.1), and models are evaluated based on them ( 6.2). Finally, in Chapter  0, thesis is 

closed with conclusions and recommendations. 

2 DESCRIBING	THE	BIOREFINERY	SYSTEMS		

 Referring to	 Figure	 1, a biorefinery is analogous to an oil-refinery where the crude oil is 

processed and refined into more useful products. Their activities are defined by the International 

Energy Agency (IEA) as the “sustainable processing of biomass into a spectrum of marketable 

products and energy” (IEA-task 42 2009). By this definition, it can be understood that a 

biorefinery system includes energy production from biomass (such as transportation biofuel, heat, 

and power), hereafter called bioenergy, as well as marketable products (like animal feed, 

compost, etc.), hereafter called bioproduct. Therefore, one may conclude that the bioenergy 

system and the biorefinery system are different, in providing different numbers of end products. 

That is, a biorefinery system produces both bioenergy and bioproduct, whereas a bioenergy 

system produces only bioenergy. However, in current literature this distinction is not always 

followed (see for example Cherubini, et al. (2009a), Iribarren et al. (2012)). From this definition, 

it can also be concluded that “biorefinery” is an inclusive term for both systems in which a 

bioenergy production system is a subset of a biorefinery system. In this thesis, biorefinery system 

is used as an inclusive term for both production systems. 
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willow, woody biomass, etc. to avoid interfering with the food market. The third generation of 

biorefineries is based on aquatic biomass e.g., algal biomass. This type of biorefinery system is 

seen as an appealing choice since its biomass production requires less land (e.g. 1/15 to 1/300 of 

the oil-crops’ land requirement), has rapid growth rates (e.g., doubling cell numbers in 1 to 10 

days), has a higher absorption rate of carbon dioxide in air, and yields higher amounts of oil 

(Rawat et al., 2012). However, this pathway is still under development and is not commercially 

being employed yet (Menten et al., 2013). Due to its specific water use type, it is included in this 

study.    

 

	

Figure	2	biorefinery	pathways	of	three	bioproduct	system	

	

From above biomass classes, three types of bioenergy can be produced: electricity, by 

applying thermochemical conversion processes like pyrolysis or direct co/combustion; 

bioethanol, by applying biochemical conversion processes such as saccharification and 

fermentation; and biodiesel, from applying transesterification. These conversion technologies are 

Bioethanol	

Electricity		

Biodiesel		

Thermochemical	conversion		
(Pyrolysis,	direct	combustion)	

Biochemical	conversion	
(Saccharificatoin,	Fermentation)	

Physicochemical	conversion	
	(Crashing,	Transesterification)			

First	generation	biomass	

2nd	generation	biomass	

Third	generation	biomass	

Feed	crop		
(e.g.	Corn,	Wheat,	etc.)		
Oil	crop		
(e.g.	Rape	seed,	sun	flower)	

Agro‐residues	(e.g.	Corn	
stover,	Wheat	straw,	etc)		
Perennial	crops	&	dedicated	
energy	crops	(e.g.	Switch	grass,	
Willow,	etc.)	

Algae		
Micro/Macro	Algae	



Page	|	18		
	

mature technologies in terms of commercialization (McKendry 2002), and are also significant in 

terms of research interest (Cherubini and Stromman 2011). A closer look to these biorefinery 

pathways and their water use can help us to identify the aspects that are important for 

consideration in biorefinery systems.	

2.2 GENERAL	STAGES	IN	BIOREFINERY	PRODUCTION	SYSTEMS	

Referring to the	 Figure	 3, general stages in biorefinery system can include: 1) biomass 

production or acquiring, e.g., cultivation and harvesting the food crops, harvesting of non-food 

crops or perennial crops, collection of biomass residues from farms, forests, cities, or industries ; 

2) biomass pre-processing and transportation, e.g., drying, baling, rinsing, collecting;  3) biomass 

processing and conversion to bioenergy and bioproduct, and 4) downstream processing, e.g., 

upgrading, waste water treatment, drying, etc. (Ekman, 2012).  

	

Figure	3	General	production	chains	in	biorefineries	

3 WATER	USE	IN	BIOREFINERY	SYSTEMS		

Water is one of the basic elements of plant to growth, and it is crucial to consider its availability 

and limitations in large scale bioenergy production, which depends on large amounts of biomass 

as its feedstock (Sinclair, 2009). It is also important to assess the impacts of developing 

Conversion	of	
biomaterial	to	

bioenergy	and/or	
biomaterials	

‐Mechanical		
‐Thermochemical		
‐Biochemical		
‐Chemical		
	

Biomass	Sourcing	

‐Cultivation	and	
harvesting	of	crops	
(food	or	non‐food)	
‐Harvesting	of	
perennial	crops		
‐Collection	of	biomass	
residues		
‐etc.		

Pre‐procesing	and	
Transportation	

‐Mechanical		
‐Thermochemical	
‐etc.		

Downstream	
processing	

‐Purification
‐Waste	water	
treatment	
‐Flue	gas	cleaning			
‐	etc.		
	



Page	|	19		
	

biorefinery systems on water resource status since water required for plantations and biomass 

acquiring may intensify or impose water scarcity problems at local and/or regional levels 

(Gerbens-Leenes, et al., 2009). 

3.1 DESCRIBING	WATER	USES	IN	BIOREFINERY	SYSTEM		

As presented in Error! Reference source not found., the three biomass classes and their 

conversion processes use five source of water: surface water, ground water, water stored in 

unsaturated soils, sea water and municipal waste water (or phosphate and nitrate rich water) for 

algae production. Furthermore, the type of water use can be classified as either consumptive or 

non-consumptive. Consumptive use includes the water contained in biomass, i.e., biomass’s 

moisture content; evapotranspired by plants; existing in unsaturated zones of ground, and 

evaporated from land surface, or the water that evaporates from surface water. Non consumptive 

includes the amount of irrigated water not allocated for plant uptake, but used as a solvent media 

to transport fertilizers to the plant’s root and finally drained to the ground or drainage system, or 

the amount of water that is stored in a pond for algal production. 

In the conversion processes, surface or ground water is the water source type. Similar to 

other industrial processes, the water used in conversion stages, or in pre/post processing stages is 

circulated back during the processes; the amount of consumed water in these stages is equal to 

make-up water, i.e., the water used to recharge the system to replace water evaporated or 

otherwise lost during processes. The most water-consuming process pertains to cooling water in 

condensation processes (Singh & Kumar 2011)  

Biomass feedstock has comparatively lower energy density than fossil fuels, and 

collecting it from remote areas and at large scale constitutes higher energy use and cost 

(Lattimore, 2009). Also, due to operational and logistical problems (storage and traffic 

congestion), biorefinery facilities are located in the vicinity of the biomass resources (e.g.,   80% 

of the bioethanol corn farms in the USA are within a 64 Km radius of bioethanol facilities (Chiu, 

et al., 2012)).Therefore, the amount of water use in the transportation and conversion stages is not 

significant, and it is much less than the amount of water used in biomass production (Fingerman 

et al., 2010).  



	

Table	1	water	use	in	biorefinery	systems	

Biomass type 
 
Source of water 

Biomass Production Water Use  

Consumptive Non consumptive 

First generation:  
 

Feed and oil crops (corn, 
wheat, canola etc.) 

Rain water 
Surface water 
Ground water 

- Water evaporated from farm land  
- Water evaporated from irrigation canals 
- Water transpired by plants leaves  
- Water contained in grain & removed from the ground  
(Gerbens-Leenes et al., 2009) 

- Amount of water used as a media for 
transporting fertilizers to plant root zones  
(Gerbens-Leenes et al., 2009) 
 

Second generation:  
 

Bio-residue and perennial 
crops (corn stover, wheat 

straw, switch grass) 

Rain water 
Surface water 
Ground water 

- Additional water evaporated from soil due to 
decreasing the land-cover by residue removal 
(Kariyapperuma et al., 2012)   
- Water allocated to produce stover and straw from 
water evaporated from land and water-surface or 
transpired by plants (Singh et al., 2011) 
- Water contained in biomass and removed from the 
ground (Gerbens-Leenes et al., 2009) 

- Portion of irrigated water used as a median 
(for up-taking fertilizers by plant roots) and 
allocated to stover or straw (Singh et al., 
2011) 
 

Third generation: 
 

Algae 

Waste Water 
Sea water 
Surface water  
Ground water  

- Make up water to replace water evaporated from  
ponds (Zaimes & Khanna 2013) 
- Amount of water contained in algal biomass and is 
removed or evaporated  (Zaimes & Khanna 2013) 

-The amount of water stored in ponds for algal 
production  (Zaimes & Khanna 2013) 
 
 

Conversion Process  
 
Source of water 

Conversion Process Water Use  

Consumptive Non consumptive 

Thermochemical conversion  
(Pyrolysis, direct combustion) 

 

Surface water 
Ground water 

 

- Amount of water evaporated during distillation and 
drying  
- Amount of water lost from cooling water in steam 
condensation process.  
-  Water requirement for process auxiliaries, e.g., 
general services, oil coolers, compressors, etc.  
- Amount of water for cooling pyrolysis oil and 
quenching ashes   
(Singh & Kumar 2011) 
 

- Amount of water used for pretreatment (e.g., 
rinsing, slurrying) and recycled 
- Water used in hydrolyzation and recycled  
-Cooling water circulated in condensation 
process and recycled 
-  Cooling water used to decrease the pyrolysis 
oil temperature  
- Cooling water used for vapor scrubbing, and 
quenching ashes   
(Singh et al., 2011) 
 

Biochemical conversion 
 

 (Saccharificatoin, 
Fermentation)  

Physicochemical conversion 
 

 (Crushing, 
Transesterification) 



	

As it is noted in Table	 1, waste water in biorefinery’s conversation processes is considered 

to be recycled or treated before discharge to the environment. It is seen logical to assume that 

waste water in most biorefinery systems is treated before discharging it to the aquifer, because 

biorefineries are built for clean energy production purposes and have been under scrutiny by 

authorities before their large scale utilization. Most biorefinery systems are located in developed 

countries where the infrastructure required for wastewater- treatment is available (Cherubini, et 

al., 2011). Moreover the biorefinery systems in developing countries (like Brazil) have reduced 

their waste-water pollution by applying the best management practices (e.g., using the nutrient-

rich waste water from sugar and bioethanol production for irrigation) to comply with regulations 

(Diaz-Chavez 2011).  

3.1.1 DESCRIBING	HOW	THE	BIOREFINERY	SYSTEMS	IMPOSE	PRESSURES	ON	WATER	RESOURCES		

As discussed in the introduction, production of biomass feedstock on agricultural land may 

reduce water availability and impose pressure on water resources. Generally speaking, the 

environmental impacts of biomass production in biorefinery systems can be first understood 

trough studying changes of water quality and quantity balances. This implies that an impact can 

occur even with increasing the water availability. For instance, irrigation pattern that raises the 

groundwater-table may cause an increasing salinity of soil and water, and lead to land degradation 

(Mcvicar et al., 2002).  

The important point to note in here is that the state of water is very much entangled with the 

state of land. i.e., Land-use change, e.g., removing bio-residue, deforestation for biomass 

production, afforestation for woody biomass production, etc., will change both soil and water 

state. (e.g., by removing forest residues from ground, the infiltration rate of water will decrease 

and runoff water will increase) (Yeh & Studies 2011); It has been observed that growing biomass 

on marginal land will require more water and fertilizer than primary lands, and improving soil 

quality will reduce the amount of water need for irrigation (Bhardwaj, et al., 2011); irrigation of 

land from ground water and decreasing the groundwater table level may cause land subsidence 

(Koniko 2013).  
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may cause nitrification and eutrophication impacts on ecosystem (Kariyapperuma et al., 2012). 

Hence, quality and quantity of water should be studied at both scales. In Table	 2, an example of 

studying water quality and availability changes from biomass production at two scales is 

provided.  

Table	2	Examples	of	water	quality	and	availability	changes	from	biomass	production	stage	

																								BIOMASS		
CHANGES	

First generation Second generation Third generation 

root-zone 
(local) 
level	

availability 	 Reduction of water in root 
zone system due to 
decreasing soil water-
storage capacity (Mcvicar 
et al., 2002) 

 Soil water content reduction 
due to increase of evaporation 
rate (because land is increasing 
from wind and sun light and its 
snow trapping capacity is 
increasing) (Wilhelm 2004)  

Water availability 
reduction due to 
increasing of 
evaporation rate 
from water-pond 
surface(Rawat et 
al., 2013)

quality 	 Change of dissolved ions 
concentration in water due 
to increasing evaporation 
rate or  agrochemical 
application (Mcvicar et 
al., 2002) (a)	

No example was found in the 
literature	

Water quality 
improvement in 
case co production 
of algal biomass 
and waste water 
treatment (Pittman 
et al., 2011)

watershed 
level	

availability 	 Change of groundwater 
level or surface water flow 
(Ridoutt BG and Pfi ster S, 
2010) (b) 
Water availability 
reduction from increasing 
the evapotranspiration rate 
of land vegetation 
(Gheewala & Joint 2011)

Increasing of amount of 
surface water due to reduction 
of soil porosity and decreasing 
of infiltration rate of water( in 
other way around,  decreasing 
of ground water level  (Yeh & 
Studies 2011)	

Water availability 
reduction due to 
surface or ground 
water use for 
biomass production 
(Zaimes & Khanna 
2013)  

quality 
changes	

Water quality change due 
to accumulation of 
transported fertilizers and 
pesticides to downstream 
water  (Eutrophication/ 
nitrification) (Diaz-Chavez 
et al., 2011), or from 
sediment transferred after 
lands preparation 
activities, e.g., plowing 
(Mcvicar et al., 2002)   

Water quality degradation due 
to increasing soil erosion and 
sediment transferring, or due 
to increasing use of fertilizers 
to replace the bio-nutrients 
removed from the ground  
(Yeh & Studies 2011)(c)	

Water quality 
improvement form 
co production of 
algal biomass and 
waste water 
treatment (Pittman 
et al., 2011) (d)	
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a) The concentration (C) of substances can be changed in two ways: either by changing the 

amount of dissolved matter (S), or by changing the amount of solvent, water (W). (From the 

formula C = S / W). The application of fertilizers and pesticides on land as well as increased 

evaporation rate from land surface will increase the concentration of dissolved ions and will cause 

salinity or acidity problem in soil and water. (Mcvicar et al., 2002) 

b) Irrigation of agricultural land may increase or decrease the groundwater-table level. Depending 

on soil permeability (percolation rate) and previous groundwater-table level, irrigation may cause 

increasing the groundwater-table level make the water logging problem (it means saturation of 

soil and stopping the oxygen to reach to plant’s root system. Water logging in most cases will 

lead to soil and water salinity (Mcvicar et al., 2002). Increasing pumping rate of groundwater for 

agricultural land irrigation than its replenishment rate will declines the groundwater-table level, 

and may lead to land subsidence (USGS Report, S.I. 2013). Depending on previous land 

vegetation replaced by bioenergy crop production, surface water can be increased. For example, 

large scale plantation on landscape will reduce runoff water and consequently decrease surface 

water in watershed (Trabucco et al., 2008). 

c) Removing of agricultural residues will change the hydrological quality of soil and change the 

water availability and quality. As an example it will increase the density or bulkiness of soil and 

reduce soil porosity. This in turn will reduce the water infiltration rate and increase the runoff 

water, or decrease the groundwater-table level. At the same time, removing of bio residues and 

increasing of runoff water, will cause increasing of sediment transferring rate, and increase the 

transportation of soluble nutrients (nitrates and soluble phosphate) to downstream water 

(Kariyapperuma et al., 2012). 

d) The amount of water used for algal biomass production can highly become reduced with 

recycling of processed water. However, a significant amount of surface or ground water is still 

needed (Yang et al., 2011) to replace the evaporated water from algae production ponds as well as 

the water removed by harvested algal biomass (Zaimes & Khanna 2013). Coupling the microbial 

algae production with municipal waste water treatment process, especially in places where the 

waste water treatment facilities are not in place or not cost effective,  can improve the quality of 

water at local and watershed level (Pittman et al., 2011) 
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4 REVIEWING	WATER	USE	AND	IMPACT	ASSESSMENT	TOOLS		

4.1 EARLIER	DEVELOPMENTS	

Water accounting is not a new practice for water resource engineers, yet the water use in 

accounting in product supply chains became an interesting topic after the introduction of the 

“Virtual Water” concept by Prof. Allan (1997). He pointed out that the water deficits in Middle 

Eastern countries have been historically offset by importing water intensive products, such as 

grains, from the water-rich countries. Therefore, the embodied water in those products, which he 

called Virtual Water, has reduced the risk of potential conflicts over accessing freshwater 

resources (Allen 1997).  

Extensive exploration and development of the VW concept was been done by Prof. Arjen 

Hoekstra and his colleagues at the Water Footprint Network (WFN). They have calculated and 

published the water footprints of different crops, products, and systems, and estimated the water 

use of corporations and communities at national and international levels. For example, in one 

study they estimate water needed to have the Dutch drink tea (Chapagain and Hoekstra, 2003 a) 

or to drink coffee (Chapagain and Hoekstra, 2003 b), and in another study considered the “Virtual 

water flows between nations in relation to trade in livestock and livestock products” (IHE, 2003), 

or “…in relation to crop trade” (Hoekstra and Hung, 2002). Other researchers (e.g. Verma, et al. 

(2009); Faramarzi, et al. (2010); Lenzen (2009)) have also conducted similar case studies to 

calculate the virtual water flow between different watersheds to increase the efficiency of 

freshwater resource use in regions. 

 The increased research about the VW of products and consumers by the WFN group and 

other researchers has provided an inventory of data for other researchers in the LCA field. 

However, LCA researchers, e.g., Wichelns (2010) and Thaler, et al., (2012) have criticized VW 

for of lacking the environmental relevance. Therefore, further research and models have been 

developed and conducted by LCA scholars (like Stephan Pfister, Anna Maria Boulay and Mila i 

Canal) to relate VW results to the impacts on natural environment and human health.  Other new 

indicators (like WF by WFN group and “stressed” WF by Ridoutt and Pfister, 2010) have 

emerged to incorporate the environmental stresses into VW results. Recently, the WFN group has 
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complemented their WF indicator with a sustainability assessment framework to account for the 

social, environmental and economic impacts related to water use in products and systems.  

The following chapters review the recent WF method and three LCA-based methods that 

are able to describe the entire water use inventorying to characterizing impact assessment.  

4.2 WATER	FOOTPRINT	MEHTOD	(ARJEN	HOEKSTRA	ET	AL.,	2012)	

This model is known as the “Water Footprint”, and it have been used, reviewed, and 

criticized in many studies. Hoekstra and his colleague in the WFN proposed this model for 

calculating the water footprint of one or a group of products, consumers, and businesses. In this 

model, only evaporative water use is considered. The metrics used in are based on Blue, Green 

and Grey water. Blue water represents surface and groundwater water; Green water is the 

precipitated water stored as soil moisture and evapotranspired by plants; Grey water is the 

assimilative water needed to decrease the concentration of dissolved pollutant materials to safe 

levels in the environment. Figure 6 shows how these different water-use metrics are related and 

distinguished.  

	

 

Figure	6	Water	Footprint	Inventory	Modeling,	from	(Hoekstra,	2011)	
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A WF in the Hoekstra et al. (2012) model is a multi-dimensional metric that has volume, 

source, location and time dimensions, and it can be presented based on different units (i.e., WF 

per product, or person, per Kg, energy, money, etc.). The building block in WF calculation is the 

WF of one process or service. By aggregating the WF of different processes along the production 

chain of products, we can calculate the WF of those products. Furthermore, consumers’ WF can 

be calculated by aggregating their consumed products. As shown in Figure 7, the WF of 

businesses, sectors, and groups of consumers can be determined.   

 

	

A complete WF study consists of four steps; 1) Goal and scope setting, 2) WF accounting, 

3) Sustainability assessment, and 4) Response formulation. The sustainability assessment phase of 

WF is based on 1) evaluating the aggregated WF to the water availability within a specific 

geographical boundary 2) analyzing the contribution of each process or service to the total WF 

and finding the hot spot. Sustainability assessment of WF is analogous to an “Impact Assessment” 

with the difference that the sustainability assessment of WF embraces social and economic 

sustainability as well. The WF environmental sustainability assessment has been based on scarcity 

Figure	7 Aggregation	of	WF	in	other	levels	(Hoekstra,	2011)	
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factors, and this indicator can to be used in the LCA-based impact assessment methods be 

discussed later. Describing the social and economic sustainability of his model is beyond the 

scope of this thesis. 

The WF environmental sustainability model assesses the “blue water scarcity” and “green 

water scarcity” separately. The scarcity of each water type is defined as the proportion of each 

WF to the corresponding availability of them. Therefore, at any period of time, environmental 

impacts are violating the availability of each type of green or blue water, either by over 

consumption or by polluting them in a way that is not tolerated i.e. the environment in the area of 

interest does not have the enough capacity to assimilate that pollutant. For example, as shown in 

Figure 8, in the T1 and T2 period, the WF has surpassed the environmental water flow 

requirement. Calculation of WF scarcity for blue and green water can be done by formulas 1&2: 

	

WA	green	(x,t)=ET	green	(x,t)	–ET	env	(x,t)	–ET	unproductive	(x,t)																						(volume/time	)						(formula1)	

WS	green	(x,t)	=	Σ	WF	green	(x,t)/	WA	green	(x,t)	

WA	blue	(x,t)=R	nat	(x,t)	–EFR	(x,t)																																																								(volume/time	)						(formula	2)	

WS	blue	(x,t)	=	Σ	WF	blue	(x,t)/	WA	blue	(x,t)	

	

WA=	Water	Availability		

WS=	Water	Scarcity		

WF=	Water	Footprint	

EFR=	Environmental	Flow	Requirement		

(x,	t)	=	(Location,	Time)	

ET=Evapotranspirative	water	

	env=	environmental		

nat=	natural	
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The Grey Water in this model is determined based on the monthly assimilation capacity 

(equaled to run-off water) of the catchment area and the pollution level of that catchment. It is 

calculated as follows: 

WPL	(x,t)	=	Σ	WF	grey	(x,t)/	R	act	(x,t)	

		

Environmental water sustainability will be violated if any of WS green, WS blue and/or 

WPL exceeds 100%. A process can be unsustainable in two ways; 1) if it is operating in a 

catchment area on which it impose unsustainable water use at any given time (it is unsustainable 

in any of environmental, social, and economic sustainability), 2) the process is not at its lowest 

possible WF level i.e., it has the potential to reduce its WF at a socially acceptable cost. The same 

philosophy is applicable to product, business and community WF.  

WPL=	Water	Pollutant	Level,		

R	act=	actual	Run‐Off,		

(x,	t)	=	(Location,	Time)	

T1	 T2

Figure	8	Temporal	variations	in	WF	Sustainability	(Hoekstra,	2011)
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4.3 LCA	BASED	METHODS	

4.3.1 	LCA	FRAMEWORK	

Life cycle assessment, as it is defined by the International Organization of Standardization 

(ISO 14040, 2006), is one of the tools used to assess the potential environmental impacts caused 

by products, processes, or services throughout their life cycle. In a complete LCA study “the 

emissions and resource consumptions are accounted for every relevant stage from “cradle-to-

grave” which includes raw material extraction, energy use, material transformation and 

production, manufacturing, use, recycling, and ultimate disposal, etc” (Rebitzer et al., 2004). 

According to ISO 14040, LCA study is comprised of four general steps; a) Goal and Scope 

definition, b) Inventory Analysis, c) Impact Assessment and d) Interpretation of results. The 

correlation of these four steps as an iterative process is schematically shown in Figure 9.  

 

	

According to Henrikke and Tillman (2004), the further general description of each step is 

as follows: from the first step, “Goal” explains the reasons, intended audiences and applications 

of the LCA study. “Scope” defines the initial choices, such as the boundaries of the system and 

Figure	9:	LCA	Method	Framework	from	ISO	14040	(2006)	
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the processes to be included in the LCA study, the choice of the functional unit, and the related 

impacts, which we are interested in assessing in the LCA.  

The second step, “Inventory analysis”, is the compilation and quantification of the goal 

and scope related data. The data generally present the amount of materials and energy inputs as 

well as the emissions to or from the defined system boundary and are based on the “Functional 

Unit” (FU). FU is the reference flow and/or function of the system in the LCA. The amount of 

resources used and emissions, as well as their impacts are measured and presented based on this 

unit in the LCA studies.  

The third step is “Impact Assessment”, where the impacts from emissions and/or resource 

use are calculated. In impact assessment, the results from the inventory step characterized and 

related to environmental concerns. For example, the resource uses can be characterized based on 

its physical availability and be related to a resource depletion impact. (CF= U/D, CF 

=Characterization Factor, D = deposit U =available resource). CF will also allow us to aggregate 

the impacts from consumption of a resource at different times and places along the product supply 

chain.  

The fourth step in LCA is the interpretation of results, where conclusions are drawn and 

recommendations are given. The results of the impact assessment step can be further normalized 

to the values in our reference system. The results from the normalization step can give us an idea 

about the comparative share of each impact in the total impacts from the reference system. After 

normalization, the impact categories can be aggregated with different Weighting Factors. The 

weighting factors represent the importance or priority of considering each impact in our LCA 

study. However, since the weighted results are case specific and are subjective, announcing these 

results is forbidden (ISO 14040, 2006). Last, the sensitivity analyses can be done to evaluate if the 

conclusion results will hold within the uncertainties (ISO 14040, 2006). 

4.3.2 IMPACT	ASSESSMENT	IN	LCA		

The impact assessment step can be studied in two levels: the midpoint level and/or 

endpoint level (Figure	 10). Midpoint impacts are those “environmental impacts that are 

somewhere along the environmental mechanism and life cycle inventorying level, for example: 
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climate change”. The Endpoint impacts are the final outcomes of the environmental mechanism, 

for example human health impacts” (PRé, 2008). The impact categories at the midpoint level are 

various, and depending on the LCA goals or the method used, different impact categories can be 

included in the LCA study. For example in the European International Reference Life Cycle Data 

(ILCD) handbook (2010), the following impact categories at the midpoint level should be studied: 

climate change, ozone depletion, human toxicity, respiratory inorganic, ionizing radiation, 

photochemical ozone formation, acidification (land and water), eutrophication (land and water), 

ecotoxicity, land use, and resource depletion (minerals, fossil and renewable energy resources, 

water). Damages to the four commonly accepted Areas of Protections (AOP) are realized as end 

point level impacts: human health, man-made environment, natural environment, and natural 

resources. These AOP which are valuable themselves or to humans, are realized by SETAC-

Europe group (199), and are the ones mostly used in LCA studies (de Haes, et al., 1999).  

	

After selecting the impact categories related to the study goals at the “Impact Assessment” 

step, the emitted or consumed materials relating to each impact category from the inventory 

should aggregated into their relevant impact categories. However, different emission and/or 

resource use can have different potency in a specific impact category. For example the potency of 

one Kg CH4 emission to the global warming impact is estimated to be twenty-one times higher 

than one Kg CO2 emission at a certain time period.  The potential contribution of each emitted or 

Figure	10	:	Midpoint‐Endpoint	Level	relation,	taken	from	ReCiPe	Report	1,	
(2009)	
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consumed material to each impact category is calculated by using the CFs. Therefore, the CF of 

CH4 in the climate change impact category is twenty one and the CF for CO2 is one.  

Different life cycle impact assessment methods have been developed and applied in LCA 

studies, e.g., CML 2002 (Guinée et al. 2002), Eco-indicator 99 (Goedkoop and Spriensma 2000), 

EDIP 2003 (Hauschild and Potting 2005), EPS (Steen 2000), IMPACT 2002+ (Jolliet et al. 2003), 

LIME (e.g., Itsubo et al. 2004), and ReCiPe (Goedkoop et al. 2009). These methods consider 

different impact categories at either midpoint level or endpoint level, and apply various CFs 

which lead them to different end results (Hauschild et al 2013).  

4.3.3 WATER	RESOURCE	USE	IMPACT	ASSESSMENT	IN	LCA		

The environmental mechanism in LCA exhibits the environmental cause-effect from the 

material emissions and resource uses. It depicts the pathways from the material usage and 

emission at inventory level, to the pressures and impacts at the midpoint and/or endpoint level. 

The often most referred-to scheme of a cause-effect chain in the LCA of water use is drawn by 

Bayart, et al. (2010). Recently Kounina et al., (2012) have completed their scheme by including 

other additional impacts that other recent researchers had identified and modeled in their scientific 

papers. This scheme inherently represents the “agreed” upon impact pathways identified by 17 

researchers in the water use LCA field. For example, there has been discussion on whether to 

include human health disease impacts as a result of freshwater scarcity (Boulay, et al., 2011), or 

whether it should be considered a result of improper water distribution systems (i Canals et al., 

2008)? Later, a study by Motoshita, et al. (2011) provided empirical evidence of a relation 

between lack of fresh water availability and human health impacts resulting in the spread of 

diseases. Therefore, this impact pathway is now included in the Kounina et al., (2012) cause-

effect chain scheme.  

 



	

	

	 Figure	111	cause‐effect	pathhway	adopted	fromm	Kounina	et	al.,	(22012)	
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Referring to the Figure	 11, the cause-effect chain of water consumption can depict three main 

impact pathways. These impacts link the water use at inventory level to the damages at end point level. 

These are damages to the “ecosystem quality, human health, and water resource availability”, which are 

known as the areas of protection. At the inventory level, water use from four freshwater resources is 

identified. These resources are comprised of soil-moisture or “Green” water, surface water, ground 

water, and non-renewable fossil water, known as “Blue” water in Hoekstra et al. (2012). In the legend, 

each author is specified with a color beside his/her name.  The same set of colors is used in this 

environmental mechanism’s scheme (Figure	 11) in order to identify the researcher’s name and their 

area of research or methodology developments. For instance, the Green/Blue/Grey in the inventory part 

have been most discussed and developed by Arjen Hoekstra and his colleague in WFN. The pink color 

tagged to his name and to the Green/Blue/Grey in the inventory represents his contribution in the 

inventory part. 

The discussion about the “Functionality” of water for different users and a method for including 

“compensation scenarios” is most developed by Boulay, et al. (2011). A compensation scenario looks 

at the environmental impacts of using backup technologies that artificially produce a needed resource 

(e.g., desalination technology for producing freshwater from sea water). They have pointed out that 

when considering backup technologies, it is important to consider the social and economic context. For 

example, because of the social and economic differences between Palestine and Israeli, we need to 

draw different impact pathways for water use in the Jordan watershed, which is shared between them. 

Israel’s access to economic resources and technologies leads them to apply water purification 

technologies, and therefore, the impact pathway follows the impacts of this compensation scenario. In 

contrast, Palestine’s lack of economic resources can cause the direct impacts from freshwater deficit. 

Boulay et.al (2011) have also develop the impact pathway between water scarcity’s impact at midpoint 

level (e.g. malnutrition and spread of disease), to the human health damage at endpoint level.  

In Figure	 11, the endpoint impact related to ecosystem quality is related to the terrestrial and 

aquatic species lost. Zelm, et al. (2010), have found a model for relating the decreases in groundwater 

level from freshwater consumption to the terrestrial species lost, and Hanafiah, et al. (2011) have been 

able to relate the water quality and water flow regime change to the aquatic species loss’s impact. 

Finally, i Canals, et al. (2008) have proposed an impacts pathway that consider land-use changes on 
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freshwater resources. They point out that land use transformation can change water infiltration and 

evaporation patterns, which in turn can translate into water consumption.  

4.3.4 REVIEW	OF	THREE	SELECTED	LCA‐	BASED	METHODS	

Both midpoint and endpoint impacts in LCA of water use are discussed in the literature. The 

midpoint impacts are generally calculated based on the scarcity of freshwater resource for human use 

and ecosystem services. Endpoint impacts are considered as the potential damage to known areas of 

protection (human health, ecosystem quality and resources).  The impact assessment models proposed 

by Motoshita, et al. (2011), Zelm, et al. (2010), and Hanafia, et al. (2011) rely on other existing 

inventory models and databases while the impact assessment models proposed by Boulay, et al. (2011), 

Frischknecht, et al. (2006) and Pfister, et al. (2012) use their own inventory models. Since the later 

models are more referred and used in case studies, and cover an entire water use inventory to 

characterized impacts assessment, are chosen for further description in the following sections.  

4.3.4.1 Anna	Maria	Boulay	et	al.,	(2011)	

The Boulay, et al. (2011) inventory model categorizes water resource base on three factors: 1) 

source of water, 2) quality of freshwater and 3) user group. Surface water (including sea water), ground 

water and rain water are recognized as different water resource types. Quality of water is based on low, 

medium and high “Microbial & Toxicity” contamination levels, which are based on 136 quality 

parameters. The users are grouped into eleven categories, consisting of three domestic user classes, two 

agricultural user classes, and such other users as industry, cooling, fisheries, hydropower, transport and 

recreation. Based on different water user’s quality standards and requirements, the authors identified 

seventeen different water types. Figure	 12 shows that in order to calculate the evaporative water-use, 

both input and output water should be accounted for.   

The impacts from water use in their model are assessed based on the functionality loss of those 

seventeen water types. In other words, the input-output water are not merely accounted for by their 

volume, but also based on their functional quality. The difference between the scarcity-weighted 

volume of input water and scarcity-weighted volume of output water is the midpoint impact from the 

process water use, and it represents the contribution of that process to the water scarcity of a region. 

(The boundaries of that region can include in different levels, i.e., watershed, country). Further, the 

scarcity weighting factor is calculated separately for groundwater and surface water, and seasonal 
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HH	impact	=		 CF	i	 	V	i	in 	– CF i 	V i in 	

HH=	Human	Health	Impact	in	DALY		
CF=Characterization	factor	
αi	=	Water	Stress	Index	of	Water	type	(i	)	
Uij=	water	user	(j)	that	will	be	affected	by	availability	changes	of	water	type	(i)	
AC=	Adaptation	Capacity,	(it	is	a	dimensionless	factor)	
Ej=	The	Effect	Factor	for	user	j	(DALY/M3)	

CF	 	 α	i	 	U	i,j 	 1‐AC 	E	j	

		Fate	 	Exposer		 	Effect		

αsurface g

90
	i	

α	ground	 g
i	

αi	=	f	(source,	quality,	stress	index)	

CU	=	consumed	water	(km3/yr)				
Q	90=	Statistical	Low	Flow,	a	numerator	represents	the	volume	of	human	water	consumption	and	insert	the	
seasonality	factor	(km3/yr)				
GWR=	Renewable	Ground	Water	availability	(km3/yr)				
Fg	=	the	fraction	of	water	use	dependency	on	groundwater		
Pi	=the	proportion	of	availability	of	water	in	type	i	class		
WSI=	Aggregated	Water	Scarcity	Index		

αi	=	Water	Stress	Index	of	Water	type	(i	)	

Midpoint	Impact	=>	WSI	=	Σi	(Vi		in	.	αi		)	‐	(V	i	out	.		α	i)	
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4.3.4.2 Stephan	Pfister	et	al.,	(2009)	

Pfister et al., (2009) have focused on the consumptive water use in their model and only take 

blue water into account. The data at inventory can be taken from the existing water database or the 

information on virtual water. The impact at midpoint level is based on the introduced “Water 

deprivation” impact category. It is calculated by using a CF based on “withdrawal Water to 

availability” (WWTA) index and modified to “Water Scarcity Index” (WSI). In this CF, They have 

considered a variation factor for climate variability and recognized that the water stresses do not have a 

linear relation with WWTA ratio (i.e., the water stress from withdrawing of water in highly dry region, 

as well as in water abundant region, will not be changed as much as in the semiarid/modest-water-

available region). As a result, they applied a logistic function or‘s-curve’ to translate WWTA ratio to 

his WSI on a scale of .01 to 1, and further provided a database for the WSI of more than then thousand 

watersheds and integrating that with Geographic Information System (GIS). Later, Pfister and 

Baumann (2009) added monthly-WSI databases of more than 11000 watersheds. 

	

The midpoint impact, called water deprivation, is to be calculated by multiplying the blue 

freshwater consumption into the WSI as CF.  

Damage	to	Human	Health:		

For calculating the impacts of freshwater consumption on area of protections (human health, 

ecosystem quality, freshwater resource) at endpoint level another formula is proposed. Human health 

impact is considered to be only from malnutrition, and they argued that the spread of disease depends 

more to other factors than water deficit. Damage from lack of drinking water is considered as an 

extraordinary event which would not be assessed in LCA methodology. Further the human 

development factor which indicates the vulnerability of society to malnutrition, and is based on socio 

economic factors, are taken into account to estimate the damage on human health based on DALY 

indicator.   

	

WSI 	 1

1 e‐6.4WWTA* 	
1

0.01‐1
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∆	HH	malnutrition	=	WSI	×	WU	agriculture	×	HDF	malnutrition	×	WR	⁻¹	malnutrition		

																																												×	DF	malnutrition	×	WU	consumption	(DALEY)	

	

∆	HH	malnutrition	=	damage	to	human	health	from	malnutrition	(disability	adjusted	life	year,	DALY)	

WSI	=	Water	Stress	Index	(‐)		

WU	agriculture	=	fraction	of	water	used	in	agriculture	at	watershed	(‐)	

	HDF	malnutrition	=	human	development	factor	which	indicate	the	vulnerability	to	malnutrition	(‐)	

WR	malnutrition=	water	requirement	to	prevent	malnutrition	(M3/Year.	person)	

DF	malnutrition=	damage	due	to	malnutrition	(DALY/year.	person)	

WU	consumption=	blue	water	consumption	(m3)	

	

Damage	to	ecosystem	quality:	

The model to calculate the damage to ecosystem quality is following the Eco-Indicator 99 

model based on the “potentially disappeared fraction of species” (PDF). Stephan Pfister and his 

colleagues have found that there is a high correlation between Net Primary Production (NPP) and the 

vulnerability of Vascular Plant Species Biodiversity (VPBD). They further used some other models to 

find the fraction of NPP which is specifically related to water availability and named it NPP water-

limited. The following formula exhibits calculation of damage to ecosystem quality in their model.  

	

∆	EQ	=	damage	to	Ecosystem	Quality	(m	².	Year)	

NPP	Wat‐lim	=	net	Primary	production	limited	by	water	availability	(‐)		

	P	=	mean	annual	rainfall	(m/year)	

WU	consumption=	blue	water	consumption	(m3)	

∆	EQ	 	
NPP	wat‐lim

P
	 WU	consumptive	
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Resource	depletion	damage	

As	 it	 is	 presented	 in	 following	 formula,	 quantification	 of	 resource	 depletion	 is	 based	 on	 the	 required	
energy	to	desalinate	sea	water	and	replace	the	consumed	freshwater.		

					∆R	=	E	desalination	×	F	depletion	×	WU	consumptive		

	

∆	R	=	damage	to	Freshwater	resources	(MJ)	

E	desalination	=	Energy	requirement	for	se	water	desalination	(MJ/m3)		

F	depletion	=	fraction	of	freshwater	consumption	which	contribute	to	depletion	(‐)	

WU	consumption=	blue	water	consumption	(m3)	

	

4.3.4.3 Frischknecht,	et	al.,	2006	(eco‐scarcity)	

Frischknecht,et al. (2006) and his colleagues have proposed a politically distance-to-target 

impact assessment approach.  Impacts from a released pollutant to freshwater or use of freshwater 

resources are assessed base on the maximum legal water withdrawal, called critical flow (Frischknecht, 

et al.,2006). This model is based on the eco-factor indicator determined by the proportion of current 

environmental flow (F) to critical flow (Fk). The square result of (F/Fk) will be normalized with the 

Swiss annual water withdrawn as the reference flow. “K” is an optional and politically determined 

characterization factor. 

	

 

This method uses the withdrawn water to total freshwater availability ratio (WTA) instead of 

the consumed water, and can be applied at different geographical scales. The regionalized weighting 

factor is calculated for a range of WTA, taking WTA=20% as the critical flow for sustainable 

EP=	eco‐point	(unit)
	F=	Current	flow	
	Fk=	critical	flow		

C=	1012/Year	to	have	a	presentable	numerical	results.	
K=	Characterization	(optional)	

Fn=	current	annual	flow	in	Switzerland	as	reference	flow		

Eco‐Factor=1	EP 	K	
1
Fn	

	
F
Fk

2

C	

Characterization	

Normalization	

Weighting	
constant	
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freshwater resource use. Error! Reference source not found. at below represents the weighting factors 

for different water scarcities: 

	 	

	

	 	 	 	 	 	

	 	 	 	 	 %
²	

																									

																							=	(WTA)	²×	(1/20%)	²	

	

Table	3	Weighting	Factor	for	Water	use	in	Eco‐Scarcity	model	

WTA	 WTA	 used	 for	
calculation	

Weighting	
Factor	

low		 <0.1		 0.05		 0.0625		
moderate		 0.1–<0.2		 0.15		 0.563		
medium		 0.2–<0.4		 0.3		 2.25		
high		 0.4–<0.6		 0.5		 6.25		
very	high		 0.6–<1.0		 0.7		 16.0		
extreme		 >1.0		 1.5		 56.3		

	

5 ANALYSIS	AND	DISCUSSION	OF	SIMILARITIES	AND	DIFFERENCES	OF	
THE	METHODS	

Recent case studies on water use and impact assessment of biorefinery systems have shown a high 

variation in water use of one or different biorefinery product systems. For example, the water use of 

corn-ethanol production in Dominguez-Faus, et al. (2009) has been estimated to be in a range of 2,270 

m3/MWh to 8,670 m3/MWh, and the water consumption for biofuel production in Emmenegger, et al. 

(2011) is estimated to be 12 kg/person*km (Kg water consumed per one person transported for one 

kilometer) for sorghum-based ethanol, and eight times higher (96 Kg/pKm) for rapeseed biodiesel. At 

first sight, this high variance is reasonable because the crops being used in biorefinery systems have 

their own distinct water requirement for cultivation; the cultivation of the same crop in several 

locations with different soil and climate conditions does not always have the similar irrigation needs, 

and the efficiency of the conversion technologies that are applied are not equal.  
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But beside all these innate dissimilarities, applying different methodologies in water accounting 

also causes another source of divergence in water accounting results for biorefinery systems. This fact 

is reported in only one case study (Jeswani and Azapagic (2011)), that quantitatively compared the 

water accounting and impact assessment methods for the same biorefinery system (corn-derived 

ethanol biorefinery system), and reported the significant deviations in the results.  

5.1 DIFFERENCES	AND	SIMILARITIES	IN	INVENTORYING	THE	WATER‐USE		

The first source of inconsistencies in the reviewed methods is related to the lack of consensus on 

definitions and assumptions for inventorying water use. Although this problem is repeatedly mentioned 

at the conferences and in scientific papers (e.g., Berger and Finkbeiner (2010), during world water 

week (2012), and at the International Union for Conservation of Nature (IUCN), (2010), there are not 

yet universal standard terminologies or methods in the literature. The first three methods listed in Table	

4 subtract the output water from the amount of water used in the system; hence only consider the 

consumed water, whereas Frischknecht, et al., (2006) account only for input (withdrawn) water.  

In spite of the fact that first three methods agree on considering output water, they do not take 

into account the same type of water. The methods of Pfister et al., (2009) and Frischknecht, et al., 

(2006) only account for the irrigation water taken from the surface and/or ground (as blue water), and 

account for neither the amount of rain water used (green water) nor the amount of qualitatively-changed 

water, but Hoekstra et al (2012) and Boulay, et.al (2011) include both green water and qualitatively-

changed water for the inventorying. Hoekstra et al., (2012) account the quality degradation of water 

based on grey water or assimilative water, and Boulay et al., (2011) consider the reduction of functional 

values of water to account the quality change of water after its use. 

All the methods agreed that water scarcity and its related impacts have spatial variations; they 

have consensus that characterizing water use impacts and determining water scarcity should be based 

on regional CF; except Boulay et al.,(2011) and Finkbeiner et al., (2010) methods, temporal variations 

of water availability (either seasonal or monthly variations of water precipitation) is considered in 

reviewed methods. 
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Table	4	Comparison	table	

Methods	 Hoekstra	et	al.,	
(2012)	

Boulay., (2011) Pfister		et	al.,
(2009)	

Frischknecht	et	al.,	
(2006)	

Inventory	 Blue/Green/Grey	
water	
(considered	quality	
change	used	water)	
	
	
‐Consumed	water		

17	Function‐based	water	
categories	defined	based	
on	Quality,	User,	and	
Source	of	water		
(considered	quality	
change	of	used	water)		
‐Consumed	water		

Blue	water
	
	
	
	
	
‐Consumed	water	

Blue	water
	
	
	
	
	
‐Withdrawn	water	

Character‐	
ization		
Factor	
(CF)	

‐Based	on	CWTA	
	
Three	scarcity	factors	
is	defined:		
‐	Blue	water	use/	
Blue	water	
availability	
‐	Green	water	use/	
Green	water	
availability	
‐Grey	water/Dilution	
Capacity	

‐Based	on	CWTA
	
‐Two	scarcity	factor	is	
considered	separately:		
	

1) Ground	water	
stress	index	

	
2) Surface	water	

stress	index	
	

‐Based	on	WWTA	
	
‐Considers	climatic	
variability	and	use	
non‐	linear	WWTA	
ratio		to	develop	
modified	WTA		

‐Based	on	WWTA
	
‐Based	on	Eco‐Factor	
which	is	:		
	
‐current	water	
withdrawal	/	
regulatory	allowed	
withdrawal		

Impact	
Assessment	
model	

‐Blue/Green/Grey	
Sustainability	
Assessment	
	
‐Blue	&	Green	
Scarcity	at	midpoint	
	
	
‐Does	not	have	
specific	impact	
pathway	as	LCA,	but	
it	is	compatible	with	
LCA	methods	

‐Contribution	to	the	
water	scarcity	
(aggregated	scarcity	of	
17	water	resource	types)	
after	water	consumption	
and	degradation,	at	
midpoint	
	
	
‐Human	Health	impact	
(malnourishment	and	
spread	of	disease)	at	
endpoint	is	considered	

‐Scarcity	at	midpoint	
level		
	
	
	
	
	
		
	
‐Human	Health	
‐Ecosystem	quality	
‐Resource	depletion	
at	endpoint	level	

‐Distance‐to‐target		
impact	assessment		
	
‐Max	permissible	flow	
or	withdraw	(called	
critical	flow)	is	the	
target	flow	i.e.		
available	water	
	
‐Does	not	have	a	
specific	impact	
pathway	and	it	is	not	
compatible	with	LCA		

Does	it	
Consider	the	
Temporal	
variation		

Yes		
	
It	is	considered	in	the	
method	

No
	

Yes
In	the	CF	formula,	
the		climatic	
variability	is	
Considered		

No	

Does	it	
Consider	the	
Spatial	
Variation		

Yes	
	
	
It	is	considered	in	the	
method	

Yes
	
	
CF	for	808	watersheds	
(globally)is	provided	

Yes
	
CF	for	11050	
watersheds	is	
provided	(globally)	

Yes	
Based	on	the	country	
(regulated	place)	
where	production	or	
consumption		is	done	
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5.2 DIFFERENCES	AND	SIMILARITIES	IN	CHARACTERIZATION		

As it mentioned, CF relates the amount of water consumed or removed from the water resources 

to the impacts on the environment or area of concern. It also allows aggregation of impacts from water 

consumption or withdrawn in time and space on a common basis. All of the four review methods, first, 

relate the amount of water-use at inventory level to the scarcity of water, and then the water scarcity is 

related to the impact pathways identified in each method. Nevertheless, the scarcity is not defined 

similarly and various parameters have been incorporated in their CFs.  

In Hoekstra, et al. (2012) and Boulay et al., (2011), scarcity is computed based on the 

consumptive water to available water ratio (CWTA), while Frischknecht et al., (2006) and Pfister et al., 

(2009) have based their CF on the withdrawn water to available water ratio (WWTA). The important 

fact to be noted here is that water availability is defined variously. Water availability in Hoekstra et al., 

(2012) is defined based on the available renewable water after subtracting the water requirements of 

natural environmental and ecosystems, while Boulay et al., (2011) and Pfister et al., (2009) have used 

the total renewable water as available to human uses, and Frischknecht et al., (2006) used the regulatory 

defined available water (20% of the renewable water).  

The other aspect of CFs that marks them as different is the parameters included in each. In 

Boulay et al., (2011), the CF is calculated based on the adaptation capacity of a specific water user to 

the scarcity of its water category (category of water is defined based on the intended function of that 

water); and calculating the surface water availability (ground and surface water scarcity are defined 

separately), is based on the statistical minimum water flow. The CF in Pfister et al., (2009) considers 

the climate variability factor and recognizes that water stress does not have a linear relation to the 

WWTA ratio; further, they used the mean annual rainfall for characterizing the impacts of water use on 

ecosystem quality and services. For characterizing the human health impact, they have considered the 

socioeconomic conditions and defined the “vulnerability of societies to malnutrition”. 

The CF of Frischknecht et al., (2006) and Hoekstra et al., (2012) do not have the sophistication of 

the other two methods. The impact assessment in the Hoekstra et al., (2012) method does not pertain to 

a specific CF and is based on the sustainability assessment framework i.e. depending on a study’s goal, 

the environmental, social and economic impacts will be differently characterized; it does not pertain to 
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a specific CF as LCA-based methods. However, it is possible to incorporated the scarcity indexes of the 

WF method and follow the LCA based impact pathways.  

5.3 THE	CHOICE	OF	COMPLEXITY	AND	SCALE		

Lack of water availability at certain times and certain locations for one user can have greatly 

different impacts on another user under different conditions. Determining the impacts related to water 

scarcity, considering the impact related to hydrological and qualitative changes at different scales, 

evaluating the social and economic dimensions of water scarcity for adoptation capacities requires 

extensive data availability. As it is shown in Figure 13, these complexities will increase when the scale 

of the study is moving from an agricultural land level to a watershed level and further to the biorefinery 

system boundary (which might be supplied by several watersheds). On the other hand, the accuracy of 

data and its homogeneity will decrease moving from a larger-scale area of study to a local-scale area.  

 

Figure	13	Complexity	of	scale 

The recent attempts by Pfister, et al. (2012) to provide the “Water Scarcity Index” for 10150 

watersheds could provide a good database for covering the spatial differences for characterizing water 

scarcity; however they were not able to cover temporal variations. The method developed by Hoekstra, 

et al. (2012) has divided “green water use” into agricultural green water use, natural green water use, 

and unproductive green water use (referring to their first formula in Page 27) to increase the precision 

_	 +
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Uncertainty 
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in their assessment. However, it seems to be hard to practice this model in real case studies.  Clearly, it 

is important to tradeoff between precision and practicability in water use impact assessments. The 

required level of precision needs to be determined based on the study needs and before applying the 

methods. When the study scope is going from micro scale (product level) to macro scale (country or 

watershed), the resolution needs to be changed in order to manage the complexity.  

6 ANALYSIS	OF	FINDINGS		

The lack of detailed and accurate water use impact assessments is not only an issue in LCA as a 

whole, but also a problem in the LCA of biorefineries. In fact, such assessments are largely missing 

from the current LCA studies of biorefinery systems (Cherubini, et al., 2011). Therefore, one of the 

objectives of this thesis is to evaluate the methods and identify the appropriateness of current water-use 

assessment technique applied in the LCA of biorefinery systems. 

A previous study done by Kounina et al., (2012) developed six key criteria proposed in the 

International Life-Cycle-Data System (ILCD Handbook (JRCIES 2011)), and evaluated the available 

methods for water use impact assessment in product LCA studies. After depicting the cause-effect 

chains mechanism in water use impact assessment, the authors evaluated different available methods 

based on the six criteria; 1) completeness of scope, 2) environmental relevance, 3) Scientific robustness 

and certainty, 4) documentation, transparency, and reproducibility, 5) applicability, and 6) stakeholder 

acceptance.  	

Table	5	Criteria	used	by	Kounina	et	al.,	(2012)	for	evaluating	water‐use	impact	assessment	methods	

Criteria	 Indicators	

Completeness	of	scope		 e.g.,	spatial	variation,	midpoint/endpoint	impact,	etc.

Environmental			
relevance		

e.g., functionality/ecological values, economic factor/ compensation etc.	

Scientific	robustness		 e.g.,	uncertainty	measure

Documentation,	transparency,	and	reproducibility

Applicability	

Degree	of	potential	stakeholder	acceptance	and	suitability	for	communication	in	business	and	policy	
contexts	
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	 As shown in Table	 5, those criteria were measured by some indicators. For example, 

completeness of the scope was measured by evaluating the ability of each method to cover various 

impacts related to human health, ecosystem quality, and resources availability (at midpoint and/or 

endpoint level); environmental relevance was assessed by the ability of each method to include 

different water sources (surface water, ground water, rain water etc.), functionality of water, ecological 

values of water, economic situation of studied region to develop compensation scenarios, and water-

resource renewability rate.  

While this study has been able to incorporate both a systematic (top-down) approach and a 

stakeholders’ participatory approach (a bottom-up approach), and build consensus among interested 

stakeholders, it focused only on, and was limited to, the impact pathways which were already studied in 

the reviewed models. In other words, the environmental relevance of each model is assessed only 

against the impacts which are discussed in the models. On the other hand, the Kounina study was 

performed to build consensus between WF researchers and users, and did not have a specific 

application perspective for a specific system like a biorefinery system.  

Since repeating a similar study is beyond this thesis’ time and scope, only the first two criteria 

are used to examine biorefinery system. Referring to the discussion in Chapter  2, some aspects 

identified as important in the biorefinery and water nexus are used here to evaluate the appropriateness 

of the reviewed methods for studying the water use and impact assessment of biorefinery systems.  

6.1 DEFINING	THE	CRITERIA		

Based on the review of water and biorefinery literature, seven questions have been formulated to 

evaluate the appropriateness of methods for application in water-use accounting and impact assessment 

of biorefinery systems. These questions are explained as indicators to evaluate the completeness and 

environmental pertinence of methods.   

6.1.1 EXPLANATION/MOTIVATION TO THE SELECTED EVALUATION CRITERIA: 

1. Cultivation of each crop under different soil and climate conditions requires quite different 

irrigation amounts (Emmenegger, et al. 2011). For example, the water requirement for corn-

ethanol production in Dominguez-Faus, et al. (2009) has been estimated to be in the range of 
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2,270 m3/MWh to 8,670 m3/MWh. Likewise, the impacts from water balance and quality 

change depend on local contexts (e.g., the quality of water and the environment before 

changes, the sensitivity or vulnerability of ecosystem or human society to those changes). 

These variables are differing greatly from one location to another location, and essentially 

determine the impacts of water use and quality degradation. The complexity and variation of 

the biophysical environment require on-site data and generalization to other locations is not 

possible (Jewitt & Kunz 2011).   

 

 Characterization factors should be specific to temporal and spatial context.  

 

2. As it discussed in Chapter  3, impacts from water use in biomass production can first be 

understood through studying the changes in water state balances; in this way, the drivers that 

change the water quality and water quantity balance can be identified. The gist of the 

discussion was that the state of the water is entangled with the state of the soil; hence land-use 

changes in agricultural systems can changes the water quality as well as its quantity. Since the 

impacts (from different drivers) are aggregated in LCA methodology, the impacts related to 

hydrological-cycle changes from land use alteration can become aggregated to the impacts 

directly related to water use; likewise, the environmental impacts on land from water use 

(land subsidence, salinity, and soil productivity degradation) can be modeled and aggregated 

to the direct land use impacts in LCA. However, the assessment of these impacts requires 

extensive information about the water hydrological cycle and soil properties; water scarcity 

alone is not able to characterize these complex impacts.  

 

 Changes related to hydrological cycle and soil-water states need to be characterized and their 

impact pathways need to be developed further. 

 

3. The water balance at root-zone level does not necessarily change the water balance at 

watershed level. Aggregation of water changes over small areas (agricultural land) might 

become null over bigger area, i.e., the increased water availability of one zone nullifies the 

decrease of water availability in another zone. For example, removing biomass residues can 

reduce the infiltration rate and water availability at root-zone level, but the increased runoff 
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water will increase the surface water at watershed level (Yeh & Studies 2011). This implies 

that the impact assessment model should be able to consider the impacts at different scales 

and have room for flexibility in its system boundary, i.e., being able characterize the impact at 

different levels.  

 

 The impact assessment methods should be able to characterize the water-state changes at 

different scales.  

 

4. Different sources and quality of water that are usable for algal biomass production imply that 

water availability, accordingly water scarcity, are specific to the water user. Thus, changing 

the quality of water would not necessarily change the availability of water for all water users. 

In order to measure the scarcity change of different water qualities from biomass production 

stages, we need to have information about the water quantity and qualities at two stages: 

before entering the system and after the process.  

 
 Water scarcity and its related CF should be defined based on its specific user.  

 The amount of output of water should be subtracted from the input water, and scarcity should 

be based on consumed water.  

 

5. In fact, the impacts on the natural environment and humans depend on the local contexts 

(such as a community’s characteristics, regional climatic variations, and the ecosystems 

sensitivities or thresholds (i.e., ecosystems in desserts have different drought tolerance than 

those in semi-arid regions or wetlands). These variables essentially determine the real impacts 

from water use in the LCA study of biorefinery systems. For example Sullivan et al. (2013) 

incorporated additional indicators for defining water pressure and scarcity thresholds. They 

proposed a water poverty index (WPI) that incorporates five key variables at the local 

community level:  

1) The Physical Availability of ground and surface water resources (with taking into account 

water quality), 

 2) Access to water source (taking into account the time and distance to reach the water resource),  
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3) Capacity of people to manage their water resource problems and issues (taking into account 

their education and health),  

4) Different Use of water (irrigation, industrial, and domestic use), and  

5) The Environmental integrity factor (taking into account the environmental services of the 

water) 

 

 Do these methods consider factors other than the physical availability of water in their scarcity 

definition?  

 

6. As it discussed, changing the quantity of water can be related to increased pollutant discharge 

to the water or increased water evaporation. This simultaneous occurrence cautions the 

possible synergistic impacts. For example, increasing the water consumption from a river 

upstream can cause an increased concentration of pollutants that were once diluted 

downstream. The accounting for consumptive water alone does not necessarily reflect the 

quality changes in another place.  

 

 Are the methods capable of reflecting the synergetic impacts of water consumption? 

6.2 EVALUATION	OF	METHODS		

Based on the criteria defined in the previous section, the methods are weighted and evaluated in 

Table	6.  The weighting module is being founded on the extent of the ability of the methods to consider 

the conditions defined in each criterion. If the method has considered the criterion, the full score is 

given, and if the method has partly considered it, it received a half score. It is assumed that all criteria 

have an equal importance and have a same weighting; therefore, their total score which is the 

aggregation of the scores in each criteria is used to rank the methods. 

Table	6	weighting	model	

The extent of consideration  Score 

Method has considered the criterion 1 

Method has partially considered the criterion 0.5 

Method did not envisaged the criterion 0 
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 Table	7 shows the score of each method in different criteria, and here the explanation of the 

records is provided:  

1. Consideration of temporal and spatial variability: As it is marked in Table 7, the Hoekstra et 

al., (2012) model (denoted as first model), and Pfister et al., (2009) model (denoted as third models), 

consider both spatial and temporal variation of water availability in their models. The first model define 

the water scarcity based on the ratio of water consumption to water availability of region under 

investigation within the specific time-period of consumption (formula one and two noted in page 30), 

and the third model has considered the water scarcity of 11050 watersheds in each months; therefore 

score one is given to them. The other two models have only accounted for the spatial variability of 

water availability, and received the half scores.  

2. Consideration of hydrological-cycle changes and related impacts: In none of the reviewed models, 

hydrological cycle changes and related impacts are envisaged; therefore, score zero is given to them.  

3. Consideration of water use and impacts at different scales: Except the Frischknecht et al., (2006) 

model (marked as forth model), water consumption and impacts assessment method can be applied at 

different local and regional levels (Kounina et al., 2012). Therefore, only the fourth model receives the 

score zero while the other three models are marked with scores one.  

4.1. Consideration of functionality of water for different users & 4.2. Consideration of consumed 

water (input-output based water-use accounting): Water functionality is only discussed and modeled in 

Boulay et al., (2011) model (denoted as second model). In this model, the classification of water 

resources is based on 137 quality parameters of eleven different user groups, and both the quality and 

quantity changes of water after water consumption is regarded; therefore score one is assigned in both 

4.1 & 4.2 criteria. Among the other models, the first model accounts the quality and quantity changes 

of water after consumption and receives the full score in 4.2, and the third model receives the half score 

since it only considers the quantity changes of water.  

5. Consideration of other factors than physical availability of water (e.g., socio-economic factors) for 

characterizing the water scarcity: except the fourth model, socio-economic factors are partially 

considered in the reviewed models. In the first model, the social and economic aspects are envisaged 
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under the WF sustainability assessment theme; however, it does not provide any specific method to 

account for the socio-economic factors in the model. In the second model, the adaptation capacity of 

societies is accounted in defining the characterization factors in human health impact pathway, and 

similarly the third model considers the human development factor to indicate the vulnerability to 

malnutrition.  

6. Consideration of synergistic impacts: none of the models consider the synergistic impacts. 

Table	7	Evaluation	matrix	of	methods	against	criteria	

       Method 

Criteria 

Model 1 
Hoekstra et al.,(2012)
 

Model 2 
Boulay et al., 
(2011) 

Model 3 
Pfister et al., (2009) 

Model 4 
Frischknecht 
et al., (2006)

1. Consideration of 
temporal and spatial 
variability 

1 
temporal and spatial  

variability is 
considered  

0.5 
Spatial 

variability is 
considered  

1 
temporal and spatial  

variability is 
considered   

0.5 
Spatial 

variability is 
considered 

2. Consideration of 
hydrological-cycle 
changes and related 
impacts 

0 0 0 0 

3. Consideration of water 
use and impacts at 
different scales  

1 1 1 0 

4.1. Consideration of 
functionality of water for 
different users 

0 1 0 0 

4.2. Consideration of 
consumed water (input-
output based water-use 
accounting) 

1 1 0.5 
It considers consumed 
water (output-input), 

but the quality changes 
are not controlled  

0 

5. Consideration of other 
factors than physical 
availability of water (e.g., 
socio-economic factors) 
for characterizing the 
water scarcity 

0.5 
Social and economic 

components are 
envisaged but not 

modeled in 
sustainability 
framework 

0.5 
Adaptation	
Capacity	is	
considered	in	

CF 

0.5 
It	considered	human	
development	factor	
which	indicate	the	
vulnerability	to	
malnutrition	is	 

0 

6. Consideration of 
synergistic impacts  

0 0 0 0 

Total score 3.5 4 3 0.5 
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A summary table of the scores assigned to each model at different criteria is been presented in 

Table 7. Assuming that each criterion has an equal importance, the total score of each model, which is 

calculated by aggregating the scores assigned to each model at different criteria is used to compare and 

rank the model’s competencies. In this regard, the second model developed by Boulay et al., (2011) is 

nominated as the most suitable model for accounting the water use and impact assessment of 

biorefinery systems; the next most suitable models are followed by Hoekstra et al., (2012) and Pfister et 

al., (2009) models, each of which are only half scores lower than the previous one. The model of 

Frischknecht et al., (2006) is recognized to be the least suitable model with lower than three scores 

from the other models. 	

7 CONCLUSION	AND	RECOMMENDATION		

The reviewed literature on water use accounting and impact assessment of the biorefinery systems 

showed that the lack of detailed and accurate water use impact assessments is not only an issue in LCA 

as a whole, but also a problem in the LCA of biorefineries. The discrepancy between the methods and 

their application results in this report is viewed and discussed from two sources: 1) the difference in 

assumptions and data entries at inventory level, and 2) the CF and distinguishing parameters used in CF 

for impact assessments. The application of these two parameters in the reviewed methods are compared 

in Table	 4, and explained in section  5.1. In this way, the first and second aims and objectives of this 

thesis, which was the review of current methods for water-use accounting and impact assessment is 

been fulfilled.  

It is observed that all the methods have applied regional characterization factors and developed 

their impact assessment based on water scarcity; however, none of them has neither developed the 

impact assessment pathway relating to the hydrological cycle changes of water, nor considered the 

synergetic impacts resulting from water consumption and pollution.  

The previous review studies as Kounina et al., (2012) was performed to build consensus between 

WF researchers and users, and did not have a specific application perspective for a specific system like 

a biorefinery system. The contribution of this thesis was therefore to review the methods for water use 

accounting and impact assessment, and analyzed their appropriateness in considering the related aspect 

specific to LCA of biorefinery systems. Hence, seven questions have been formulated as indicators for 
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evaluating the completeness and appropriateness of the reviewed models for water use accounting and 

impact assessment in the biorefinery systems. These indicators were developed to satisfy the third aim 

of this thesis and are shortly as listed in here:  

1. Is the characterization factor specific to temporal and/or spatial conditions?  

2. Are the hydrological cycle and soil-water state changes considered and characterized for impact 

assessment? 

3. Is the method able to characterize the water-state changes at different scales? 

4. Does the method consider water functionality for different users? 

5. Does the method consider both input and output water characterizing the quantity and quality 

changes of water for different users? 

6. Does the method consider related factors other than physical availability of the water for its 

scarcity definition? 

7. Is the method able to consider the synergetic impacts related to water use? 

In order to find out which method is capable of considering the identified concerns, and therefore 

most appropriate for assessing the impacts of water use in biorefinery systems, as the main objective of 

this thesis, four methods are evaluated (Section  6.2) ; as a result, the second model developed by 

Boulay et al., (2011) is nominated as the most suitable method for accounting the water-use and impact 

assessment in biorefinery systems; the next most suitable methods are Hoekstra et al., (2012) and 

Pfister et al., (2009) respectively, each of which have realized to have a comparatively similar 

qualifications for application in LCA of biorefinery systems. The model of Frischknecht et al., (2006) 

however is recognized to be the least suitable model with low competency level. 

It should be noted that this evaluation will not reflect the applicability, scientific robustness, 

acceptability of the method among researchers and other stakeholders, and other qualitative and 

quantitative merits of this method. Therefore, further research is needed to investigate the other criteria 

and improve the results. It is also noted that in the reviewed literature, only one case study has 

quantitatively compared the methods and contrasted their results. This implies that there is a need for 

more of such case studies to identify the uncertainties, and strengthen the need for standardization and 

harmonization     
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