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    2.1 
Chemistry is the Backbone of Food and Nutrition 

 Chemistry has provided the backbone in understanding the structure, organiza-
tion and functions of living matter. Biochemistry, in particular, is composed of 
the structural chemistry of living matter, the metabolism or chemical reactions of 
those living matters, and the molecular genetics of heredity. The ability of plants 
to derive energy from sunlight and animals and humans to derive energy from 
food begins with chemistry and the principles of thermodynamics, and the basics 
of food itself are made of chemical and biological structures    –    amino acids, sugars, 
lipids, nucleotides, vitamins, minerals and hormones. 

 The chemical elements are key to understanding our modern day food and 
nutritional needs. In the late 18th century, many of the chemical elements 
had been defi ned, including nitrogen from ammonia, followed by the discovery 
of protein in egg albumin, inorganic elements and amino acids. The charac-
terization of energy and calorimetry were also critical for the food and nutrition 
science world and could not have been understood without the use of physiologi-
cal chemistry  [1] . By studying persons engaged in labor and exercise and the 
amount of heat released, and understanding metabolics, the kilocalorie was 
defi ned    –    the energy needed to raise the temperature of 1   kg of water by 
1 degree Celsius. 

 Starting in the 1800s, scientists worked backwards by characterizing disease 
states and, from defi ned foods, they discovered what was lacking or defi cient, 
honing in on specifi c vitamins and minerals. For example, in the 1880s, defi ciency 
of thiamin through fractionation of rice polishing was discovered to cause beriberi. 
In 1870, vitamin C defi ciency was discovered to be the root cause of scurvy  [1] . 
In the mid 1700s, British naval commander James Lind pleaded with the British 
Navy to make citrus foods available on all sea voyages. In a book he authored after 
an especially long journey with high mortality among the crew, he described 
miracle cures achieved with the use of lemon juice. Almost 60 years later, the 
British Navy did provide citrus foods when Captain Cook succeeded in avoiding 
scurvy altogether by giving his sailors lime juice on three successive voyages 
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(between 1768 and 1779)  [2] . It was not until later that scientists established the 
defi nitive link between scurvy and vitamin C (ascorbic acid) defi ciency. Chemistry 
not only identifi ed these critical elements for human health but defi ned what is 
considered  “ essential ”  for sustaining life (see Table  2.1 )  [3] .   

 Agriculture, the source of most food, became a science when Justus von Liebig 
(1803 – 1873) discovered the essential nutrient elements in plants. Fritz Haber 
(1868 – 1934) and Carl Bosch (1874 – 1940) invented ammonia synthesis that pro-
duced nitrogen fertilizers. Together with Gregor Mendel (1822 – 1884), the father 
of genetics and Martinus Beijerinck (1851 – 1900) discoverer of biological nitrogen 
fi xation by legumes, the chemical foundations of agriculture were established. 
The International Union of Pure and Applied Chemistry devoted its second 
 CHEMRAWN  ( Chemical Research Applied to World Needs ) conference, held in 
Manila, Philippines in 1982, to chemistry and world food supplies  [4];  followed by 
CHEMRAWN XII (Role of Chemistry in Sustainable Agriculture and Human 
Well - being in Africa) held at Stellenbosch, South Africa in 2007, refl ecting the 
close relationship between chemistry and agriculture. 

 At the root of these chemical compounds is food, the backbone of human sur-
vival and evolution. Yet, today, we fi nd that food remains an issue    –    either too much 
or not enough    –    in the continuing development of the human race. This chapter 
will explore how chemistry has historically infl uenced food security through food 

  Table 2.1    The known 51 essential nutrients for sustaining human life   (adapted from  [3] )  . 

   Air, water and 
energy  

   Protein 
(amino acids)  

   Lipids - fat 
(fatty acids)  

   Macrominerals     Trace 
minerals  

   Vitamins  

  Oxygen    Histidine    Linoleic acid    Na    Fe    A  
  Water    Isoleucine    Linolenic acid    K    Zn    D  
  Carbohydrates    Leucine        Ca    Cu    E  
      Lysine        Mg    Mn    K  
      Methionine        S    I    C (Ascorbic acid)  
      Phenylalanine        P    Fe    B 1  (Thiamine)  
      Threonine        Cl    Se    B 2  (Ribofl avin)  
      Tryptophan            Si    B 3  (Niacin)  
      Valine            Mo    B 5  (Pantothenic acid)  
                  Co (in B 12 )    B 6  (Pyroxidine)  
                  B  a)      B 7 /H (Biotin)  
                  Ni  a)      B 9  (Folic acid, folacin)  
                  Cr  a)      B 12  (Cobalamin)  
                  V  a)        
                  As  a)        
                  Li  a)        
                  Sn  a)        

   a)     Not generally recognized as essential but some supporting evidence published.   
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production, its access and nutrition. We will also explore how chemistry continues 
to provide and contribute to technology that defi nes the future of food and, hope-
fully, provides enough high quality food to sustainably nourish the estimated 9 
billion people who will live on this planet by 2050.  

   2.2 
Global Hunger and Malnutrition in the World Today 

 At the Millennium Summit in September 2000, the largest gathering of world 
leaders in history adopted the UN Millennium Declaration, committing their 
nations to a bold global partnership to reduce extreme poverty and to address 
a series of time - bound health and development targets  [5] . These targets, the  
Millennium Development Goal s ( MDG s) and their indicators could be used to set 
benchmarks and monitor country - level progress. Among these MDGs is a com-
mitment to reduce the proportion of people who suffer from hunger by half 
between 1990 and 2015  [6] . In 2010, many countries remain far from reaching 
this target, and ensuring global food security persists as one of the greatest chal-
lenges of our time. In the developing world, reductions in hunger witnessed 
during the 1990s have recently been eroded by the global food price and eco-
nomic crises  [7] , which together added 105 million to the ranks of the hungry 
since 2008  [8] . 

 There is clearly much progress to be made in addressing both hunger and 
undernutrition. As of 2009, 1 billion people are hungry, and 200 million children 
under fi ve years of age are undernourished, with the majority of these children 
living in just 36 countries  [9] . Vitamin A and zinc defi ciency alone contribute to 
over half a million child deaths annually    –    both defi ciencies are amenable to 
simple, effective and low - cost interventions  [9a] . 

 The MDG1 hunger target has two specifi c measures to track success: the preva-
lence of underweight children under fi ve years of age, and the proportion of the 
population below a minimum level of dietary energy consumption. Obtaining an 
accurate measure of progress towards the MDG1 hunger target, and  “ food secu-
rity ”  is challenging, and these two measures of the MDG1 are fl awed. 

   2.2.1 
Progress on the Proportion of Children Who are Underweight 

 Nonetheless, in the developing world, the proportion of children under fi ve years 
of age who are underweight, declined from 31% to 26% between 1990 and 2008 
 [7, 10] . The progress made to reduce the number of children who are undernour-
ished is insuffi cient to meet the goal of cutting underweight prevalence in half 
globally. When taking the 2008 – 2009 fi nancial and economic crises into 
account, the task will be more diffi cult, but not unachievable in some countries 
(Figure  2.1 )  [9c] .    
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   2.2.2 
Progress on the Proportion of the Population Who are Undernourished 

 The proportion of undernourished persons in developing countries, as measured 
by the proportion of the population below the minimum level of dietary energy 
consumption, decreased from 20% to 17% (a decrease in absolute numbers of 9 
million) in the 1990s but both the proportion and absolute numbers have reversed 
course and increased in 2008 due to the food price crisis, which has severely 
impacted sub - Saharan Africa and Oceania regions  [7] . Sub - Saharan Africa has the 
highest proportion of undernourished with 29% followed by Southern Asia, 
including India, at 22%  [7] .   

   2.3 
Hunger, Nutrition, and the Food Security Mandate 

 What does it mean to be hungry? In its common usage, hunger describes the 
subjective feeling of discomfort that follows a period without eating  [11] ; however, 
even temporary periods of hunger can be debilitating to longer term human 
growth and development  [12] .  Acute hunger  is when lack of food is short term and 
is often caused by shocks, whereas  chronic hunger  is a constant or recurrent lack 
of food  [13] . The term  undernourishment  defi nes insuffi cient food intake to continu-
ously meet dietary energy requirements  [8]  with FAO further defi ning hunger as 
the consumption of less than 1600 – 2000 calories per day. 
   

     Figure 2.1     Country progress in meeting the MDG1 indicator for prevalence of children 
underweight  (source  [9c] ).  (Please fi nd a color version of this fi gure in the color plates.)  

 What does it mean to have enough to eat? 
 The defi nition of food security set out at 

the 1996 World Food Summit stated that 
 “ food security exists when all people at all 
times have both physical and economic 

access to suffi cient food to meet their 
dietary needs for a productive and healthy 
life ” . 



 2.3 Hunger, Nutrition, and the Food Security Mandate  75

 Hunger often goes hand in hand with food security. The concept of food security 
goes beyond caloric intake and addresses both hunger and undernutrition  [14] . 
Reducing levels of  hunger  places the emphasis on the quantity of food, and refers 
to ensuring a minimum caloric intake is met. Conversely, ensuring adequate 
 nutrition  refers to a diet ’ s quality. A diet rich in proteins, essential fatty acids, and 
micronutrients has been proven to improve birth weight, growth, and cognitive 
development while leading to lower levels of child mortality  [9a, 15] . A lack of these 
essential vitamins and minerals often results in  “ hidden hunger ”  where the signs 
of malnutrition and hunger are less visible in the immediate sense. 

 The achievement of food security depends upon three distinct but connected 
pillars. The fi rst is  food availability , which refers to ensuring suffi cient quantity 
and diversity of food is available for consumption from the farm, the marketplace 
or elsewhere. Such food can be supplied through household production, other 
domestic output, commercial imports, or food assistance. The second,  food access , 
refers to households having the physical and fi nancial resources required to obtain 
appropriate foods for a nutritious diet. Access depends on income available to the 
household, on the distribution of income within the household, and on the price 
of food. The third,  food utilization , implies the capacity and resources necessary to 
use food appropriately to support healthy diets, including suffi cient energy and 
essential nutrients, potable water and adequate sanitation. Effective food utiliza-
tion depends, in large measure, on knowledge within the household of food 
storage and processing techniques, basic principles of nutrition and proper child 
care, and illness management  [14a] . Most precisely, the concept of  “ nutrition 
security ”  has been defi ned as  “ having adequate protein, energy, vitamins, and 
minerals for all household members at all times ”   [16] . 

 For many years, food security was simply equated with enhancing the availability 
of food, and was linked to innovations in agricultural production. In many develop-
ing countries, agriculture remains the backbone of the rural economy. Increasing 
agricultural outputs impacts economic growth by enhancing farm productivity and 
food availability  [17] , while providing an economic and employment buffer during 
times of crisis  [8] . In the 1970s and 80s, large investments in agriculture, technol-
ogy, roads and irrigation led to major improvements in food production, particu-
larly in Asia and Latin America. Chemistry was at the heart of some of these tools 
and technologies. During this period the proportion of offi cial development assist-
ance devoted to agriculture peaked at 15 – 20%  [8] . Over the past decade, decreasing 
levels of agriculture aid and investment, particularly the dismantling of input, 
credit and market subsidies, reduced public support for research and extension, 
and declining infrastructure investments have been linked to rising numbers of 
people being undernourished  [8] . The reverse relationship has also been sug-
gested, with hunger and undernourishment carrying substantive economic and 
social costs with reduced labor productivity, investment in human capital, and 
escalating poverty  [18] . 

 While food availability is clearly important to achieving food security, having the 
means to effectively access and utilize food remains central to good nutrition. This 
wider focus is important. There is a growing recognition that food security must 
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be viewed as inseparable from the other MDGs    –    and that addressing poverty, 
education, health and basic infrastructure are also critical. This interdependence 
is illustrated in Figure  2.2   [19]  which makes the point that achieving sustainable 
gains in reducing hunger and undernutrition, and improving food security, will 
depend fully on concerted and synergistic efforts on a number of fronts.    

   2.4 
Chemistry ’ s Infl uence on the Pillars of Food Security 

   2.4.1 
Food Availability 

 It is estimated that to meet the population ’ s demands of 2050, a doubling of grain 
production will be needed, however, yield increases of the world ’ s cereals have 
begun to stagnate  [20]  and yields in many regions of the world suffer from nutrient 
limitations and lack of access to irrigation. Future production will be further 
threatened by increased soil degradation, climate change, and the increased volatil-
ity of oil production and its impact on fertilizer prices  [21] . 

 In many poor rural settings, addressing hunger is inextricably linked to 
improving soil fertility and crop management  [22] . Soil chemistry and applications 
play a critical role in developing soil and crop management practices through 
enhanced understanding of soil processes, plant nutrition, fertilizer production, 
development of improved crop varieties and methods for controlling pests 
and diseases.  

   2.4.2 
Chemistry and the Green Revolution 

 The 1960s was a decade of despair with regard to the world ’ s ability to cope with 
the food – population balance, particularly in developing countries. Most of the 

     Figure 2.2     The determinants of food security  (source  [19] ).   
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lands suitable for agriculture in Asian countries were cultivated while population 
growth rates accelerated, owing to the rapidly declining mortality rates that resulted 
from advances in modern medicine and health care. Massive starvation was pre-
dicted and international organizations and concerned professionals raised aware-
ness of the ensuing food crisis and mobilized global resources to tackle the 
problem  [19, 23] . 

 Fortunately, large - scale famines and social and economic upheavals were 
averted, thanks largely to the marked increase in cereal grain yields in many Asian 
developing countries that began in the late 1960s  [24] . This phenomenon    –    coined 
the  “ Green Revolution ”     –    was due largely to the development and widespread adop-
tion of chemical - based technologies. Key was the development and extension of 
genetically improved high - yielding varieties of cereal crops that were responsive 
to the application of advanced agronomic practices, including, most importantly, 
fertilizers and improved irrigation  [23a, 24b] . Norman Borlaug, one of the fathers 
of the Green Revolution, summed up the role that nitrogen (N) fertilizer played 
in this grand agricultural transformation by using a memorable kinetic analogy: 
 “ If the high yielding dwarf wheat and rice varieties are the catalysts that have 
ignited the Green Revolution, then chemical fertilizer is the fuel that has powered 
its forward thrust …  ”   [25] . The fuel for the transformation was made available by 
Haber ’ s brilliant discovery of ammonia synthesis from its elements, in 1909, 
and the extraordinarily rapid commercialization of this invention, led by Bosch, 
that made large - scale production of ammonia possible by 1913  [26] . As shown in 
Figure  2.3 , rapid post - 1950 diffusion of N - fertilizer applications had increased 

     Figure 2.3     Consumption of nitrogenous fertilizers, 1950 – 1999  (source  [27a] ).   
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their worldwide use to nearly 80 million tonnes (Mt) by the late 1980s and, after 
a period of stagnation (related to the fall of the USSR), to 87   Mt N in the year 2000 
 [26, 27] . The projected demand for nitrogen from chemical fertilizer is estimated 
to increase to 236 MT in 2050  [27b] .   

 The Green Revolution had a tremendous impact on food production and socio -
 economic conditions. Between 1966 and 2005, food production in South Asia 
increased by 240%  [28] . Applying advanced technology to high - yielding varieties 
of cereals caused the marked achievements in world food production. The gradual 
replacement of traditional varieties of rice, maize and wheat    –    crops which account 
for almost 50% of calories in most diets    –    by improved varieties, and the associated 
improvement in farm management practices, had a great effect on the growth of 
rice, wheat and maize output, particularly in Asia. For example, the average rice 
yield in South Asia increased by 240% from 1966 to 2007. During the same period, 
daily caloric intake per capita improved on average by approximately 25%  [28] . 

 In addition to fertilizers, pesticides have also played an important role in increas-
ing agricultural production during the Asian Green Revolution. Insect pests, 
diseases, weeds and rodents are serious constraints to agricultural production, 
especially in the humid tropics. Scientifi c efforts to remove these constraints have 
focused on the breeding of resistant varieties of crop plants, as well as on the 
development of pesticides, insecticides and herbicides and integrated pest man-
agement strategies. In developing countries, most of the pesticides are, however, 
applied to exported crops, such as cotton and tropical fruits, rather than to locally 
consumed food crops. 

 In this way, the Green Revolution was able to address food availability chal-
lenges. The widespread adoption of high - yielding varieties has helped many Asian 
and Latin American countries to meet their growing food needs from productive 
lands and has reduced the pressure to open up more fragile lands. Despite its 
achievements, the fi rst Green Revolution did not solve all food and nutrition 
security issues, partly because the efforts emphasized the food availability compo-
nent of food security over the food access, food utilization and sustainability 
components, resulting in the neglect of core nutrition elements and environmen-
tal challenges. Although massive efforts were taken to decrease hunger in India, 
50% of children across South Asia continue to suffer from undernutrition  [9c, 29] . 
Further, excessive use of fertilizers and pesticides, as well as the monoculture of 
a few crop cultivars, created serious environmental problems, including the break-
down of resistance and the degradation of soil fertility  [24b, 30] . It is now critical 
that chemical science invests and takes a leading role in cross - disciplinary efforts 
to predict when and where the use of agrochemicals and chemical - based technolo-
gies are pushing food production systems over sustainable boundaries  [31] , and 
to develop innovative strategies that can enhance social, environmental and eco-
nomic sustainability of food systems. 

 While Asia and Latin America dramatically increased their agricultural produc-
tivity over the past 40 years, Africa ’ s agricultural growth stagnated due to high 
transport costs, poor infrastructure, low levels of fertilizer use and the dismantling 
of public agricultural institutions for research, extension, credit and marketing  [11, 
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32] . However, after decades of neglect of Africa ’ s agricultural systems, a Green 
Revolution for Africa is emerging and there is now optimism about sub - Saharan 
Africa ’ s ability to rapidly increase its agricultural productivity. This is partly due 
to some key successes    –    at the local and national levels    –    of policies that support 
smallholder farmers. In Malawi, because of a smart input subsidy program imple-
mented by the government, maize harvests have greatly surpassed those of previ-
ous years, turning that country from a recipient of food aid into a food exporter 
and food aid donor to neighboring countries  [33]  (Figure  2.4 ).   
   

     Figure 2.4     Maize production and cereal trade in Malawi (1990 to 2007)  (source  [34] ).   
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 Micronutrient fertilizers 
 Under certain soil conditions, the use of 

micronutrient fertilizers, in balanced 
combination with macronutrient fertilizers, 
has promising potential to increase 
production, disease resistance, stress 
tolerance, and the nutritional quality of 
crops. The increase in yield from the use 

of micronutrients defi cient in the crops, 
notably zinc and boron, should 
compensate their cost and can also make 
the use of macronutrient fertilizers more 
cost effective as a package of balanced 
nutrients. 

 As more money and attention galvanizes much - needed action on the African 
Green Revolution, a vigorous debate is required to ensure that the mission of 
improving food security on the world ’ s poorest continent is achieved in the most 
effective, comprehensive and inclusive manner possible. The African Green Revo-
lution cannot be limited to increasing yields of staple crops but must be designed 
as a driver of sustainable development, which includes nutrition elements. 
Advances in chemistry can again play a pivotal role in this process. For example, 
our understanding of human N (protein) needs has undergone many revisions, 
and, although some uncertainties still remain, it is clear that average protein 
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intakes are excessive in rich countries and inadequate for hundreds of millions of 
people in Asia, Africa, and Latin America. More dietary protein will be needed to 
eliminate these disparities but the future global use of N fertilizers can be moder-
ated not just by better agronomic practices but also by higher feeding effi ciencies 
and by gradual changes of prevailing diets. As a result, it could be possible to 
supply adequate nutrition to the world ’ s growing population without any massive 
increases in N inputs. The addition of micronutrients to fertilizers is another area 
of interest  [3, 35] .  

   2.4.3 
Genetically Engineered Crops and Food Production 

 A highly debated topic and example of a current technology at the crossroads of 
agriculture and chemistry is  genetic engineering  ( GE ), a modern technology for 
modifying crops and livestock. GE is one of several tools in the modern crop bio-
technology kit and allows the introduction of genes from the same species or from 
any other species, including species that are beyond the normal reproductive range 
of the plant, into the plant or animal. The need to develop new crop varieties that 
are adapted to local conditions, conducive to sustainable agriculture, and remain 
high - yielding in the absence of irrigation or large inputs of petrochemicals, is an 
exceptionally tall and urgent order. Many plant scientists believe that GE can 
contribute signifi cantly to achieving these goals  [36] . However, there are a multi-
tude of concerns about the effects of GE crops on human health, environment, 
social well - being and ethics which are fueling a polarized debate. One side per-
ceives that excessive regulation is slowing the delivery of benefi ts  [37] ; the other 
is concerned that adoption is proceeding hastily and without adequate safeguards 
 [38] . This is embedded in a multidimensional debate, including scientifi c, social, 
economic, political and ethical issues. 

 GE crops and foods have been commercially available in the US since 1995 and 
their adoption around the world followed, showing increases each year (Figure 
 2.5 ). In 2008, the global area of commercially grown GE crops was 125 million 
hectares, involving 25 countries  [40] . The four primary GE crops in terms of land 
area are soybean, maize, cotton and canola (oilseed rape). In 2008, GE crops were 
being grown on 9% of the global arable land, 70% of soybean cropland was planted 
with a GE variety, for maize cropland this was 24%, for cotton 46% and for canola 
20%  [40] , in total corresponding to 40% of the cropland of these main crops.   
   

 Nutritionally improved  GE  seeds 
 The fi rst use of GE to alter nutritional 

quality was the introduction of three genes 
into rice to create the much publicized 
 Golden Rice  variety, enriched in vitamin A. 
Many more GE crops with enhanced 
nutritional value have followed, such as 

increased protein quality and levels in 
maize, increased calcium levels in potato 
and increased folate levels in tomato. 
However, none of these crops is 
commercially available yet. 
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     Figure 2.5     Million hectares of GE crops per country  (source  [39] ).  (Please fi nd a color version 
of this fi gure in the color plates.)  
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 Despite sizeable GE crop acreage, the current diversity of crop types and traits 
in commercial production is limited. Nearly all major - acreage, commercial releases 
of GE crops are at present based on pest protection via genes from   Bacillus thur-

ingiensis   ( Bt ), a widespread soil bacterium that produces insecticidal proteins called 
Bt toxins, or  herbicide tolerance  ( HT ), or a combination of both  [40, 41] . HT crops 
are tolerant to certain broad - spectrum herbicides such as glyphosate and glufosi-
nate, which are more effective, less toxic, and usually cheaper than selective her-
bicides. By cutting the costs and labor of weed or insect control, these fi rst 
generation commercial pest and/or herbicide tolerant GEs have been shown to 
provide a tangible economic benefi t to farmers  [37c, 41, 42] , to result in time 
savings, increased ease of agricultural practices and reduction in yield losses and 
pesticide use  [37c, 41 – 43] . 

 The average reduction in pesticide use by using Bt crops has been shown to vary 
from 0% for Bt maize in Argentina to 77% for Bt cotton in Mexico  [37c] . Average 
increases in  effective yield   –  through reduction of yield losses  –  by using Bt crops 
vary between 0% for Bt cotton in Australia to 37% for Bt cotton in India  [37c] . For 
HT crops, in most cases no increase in yield is observed compared to conventional 
crops  [37c] . 

 Although commercialized GE crops are limited in trait diversity, proof - of - con-
cept for many other traits has been reported in laboratory experiments and small -
 scale fi eld trials. While the fi rst generation of commercialized crops focused largely 
on input agronomic traits, the coming generation of crop plants can be grouped 
into four broad categories of impact:  agronomic performance, environment, human 

health   [44]   and rural livelihood.   
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   2.4.4 
Food Access 

 Food access involves whether households have the physical and fi nancial resources 
required to obtain appropriate food for a nutritious diet. This access depends on 
income available to the household, on the distribution of income within the house-
hold, and on the price of food. Access also depends on what happens to the food 
after production, such as during post - harvest storage. 

   2.4.4.1    Post - Harvest Treatment and Storage 
 One of the main causes of food insecurity in Africa is the high prevalence of 
storage pests. Maize is an excellent food source and an ideal breeding site for 
storage pests  [45] . Pests can be defi ned as those organisms that cause damage 
resulting in economic loss to maize and other plants in the fi eld or in storage  [46] . 
The  Larger Grain Borer  ( LGB , Figure  2.6 ), which is sometimes referred to as the 
 Greater Grain Borer  ( GGB ), and given names like  “ Osama ”  is the single most 
serious pest of stored maize and dried cassava roots (chips). The primary host is 
maize, in particular maize on the cob, both before and after harvest. LGB destroys 
maize giving unusable fl our (Figure  2.7 ). LGB also bores into non - food substances 
such as wood, bamboo, and even plastic, which poses a challenge to controlling 
the pest.   

     Figure 2.6     The Larger Grain Borer  (source  [45] ).  (Please fi nd a color version of this fi gure in 
the color plates.)  

     Figure 2.7     Maize destroyed by the Large Grain Borer to fl our  (source  [45] ).  (Please fi nd a 
color version of this fi gure in the color plates.)  
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 According to national maize experts, maize losses due to storage pests range 
from 30 – 60% in Malawi, Tanzania and Kenya, much of which is attributed to the 
presence of the Large Grain Borer and these fi gures far exceed what is currently 
recorded in the literature. Maize losses experienced by farmers are variable, but 
farmers in all countries of the study confi rmed experiencing losses, even if they 
used inorganic or organic storage insecticides, and all confi rmed that losses can 
be up to 100% if maize is not protected with insecticides before storing. Also, 
effectiveness of some insecticides is questionable. There are cases of purportedly 
effective insecticides bought direct from the importing company. It was even 
demonstrated by one of the company ’ s experienced sales representatives, but the 
maize treated by the farmers and the maize treated for demonstration by the 
representative was destroyed by LGB  [45] . 

 It is apparent that maize storage is a crucial component of ensuring greater food 
security and should be included in efforts by research institutes, national govern-
ments and development partners, especially in countries where such efforts have 
yielded substantial returns in maize or other food crop productivity. Recommenda-
tions and management strategies form an integrated approach to the management 
of storage pests and include chemical - based technologies, particularly drying tech-
niques, drying cribs and treatment of maize, before and during storage, with 
insecticides (Figure  2.8 ). However, due to lack of awareness and access to proper 
technologies, farmers end up selling their maize soon after harvest, only to buy it 
back from the same people at more than twice the price they sold it for just a few 
months after harvest, resulting in a continual poverty trap. If efforts to increase 
food security included storage, and farmers were able to store their maize properly, 
they would save between US$10 to US$20 per bag of maize needed for household 
consumption throughout the year. These may appear like small savings, but from 
analysis of family sizes in rural sub - Saharan Africa and the corresponding maize 
required to feed larger traditional families, these translate into huge savings per 

     Figure 2.8     Traditional granary (a) and improved granary/crib (b) in the Millennium Village 
Project Mwandama, Malawi  (source: MDG Centre East and Southern Africa).  (Please fi nd a 
color version of this fi gure in the color plates.)  

(a) (b)
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family. Furthermore, storage pests, in particular LGB, and in combination with 
other pests such as Maize weevils, cause substantial losses at national levels, which 
translates, approximately, to between US$150 and US$300 million, money which 
could be used to provide other essential in - country services  [45] .   
     

 A case study: millennium villages in sub - Saharan Africa 
 The Millennium Villages Project was 

initiated in 2005 to accelerate progress 
towards the MDG targets, including MDG 
1    –    to eradicate extreme poverty and 
hunger. The Millennium Villages are 
situated in  “ hunger hotspots ” , where at 
least 20% of children are malnourished 
and where severe poverty is endemic. The 
countries where Millennium Villages are 
located are Ethiopia, Ghana, Kenya, 
Malawi, Mali, Nigeria, Rwanda, Senegal, 
Tanzania, and Uganda. They were chosen 
to refl ect a diversity of agro - ecological 
zones, representing the farming systems 
found in over 90% of sub - Saharan Africa 
and are demonstration and testing sites 
for the integrated delivery of science - based 
interventions in health, education, 
agriculture and infrastructure. Within the 
Project, hunger and undernutrition is 
being addressed with an integrated food -  
and livelihood - based model that delivers a 
comprehensive package of development 
interventions. 

 By supporting farmers with fertilizers, 
improved crop germplasm and intensive 
training on appropriate agronomic 
practices, average yields of 3   t   ha  − 1  were 
exceeded in all sites where maize is the 
major crop, compared to average cereal 
yields of less than 1 tons (t) hectare (ha)  − 1  
before intervention  [47] . Households 
produced enough maize to meet basic 
caloric requirements, with the exception of 
farms smaller than 0.2   ha in Sauri, Kenya. 
Value to cost ratios of 2 and above show 
that the investment in seed and fertilizer 
is profi table, provided surplus harvests 
were stored and sold at peak prices  [47] . 
Increased crop yields are the fi rst step in 
the African Green Revolution, and must be 
followed by crop diversifi cation for 
improving nutrition and generating 

income and a transition to market - based 
agriculture. A multi - sector approach that 
exploits the synergies among improved 
crop production, nutrition, health, and 
education is essential to achieving the 
MDGs. 

 Key Interventions in Food Production in 
the Millennium Villages include:

    •      Soil rehabilitation techniques.     
Replenish nutrients in the soil with 
mineral fertilizers, nitrogen - fi xing 
legumes, and other organic materials, 
and, by returning crop residues to the 
soil, and soil conservation techniques, 
reduce run - off and erosion and 
maintain the investments in soil 
rehabilitation.  

   •      Access to improved seeds.     Provide 
farmers with access to and 
information about improved seeds for 
basic food crops, livestock, grain 
legumes, root and tuber crops, 
vegetable, tree, and fodder crops, as 
well as developing, where appropriate, 
the capacity of community members 
to produce their own seed or 
planting materials using seed 
multiplication plots, seed orchards, 
and nurseries.  

   •      Small - scale irrigation systems.     Promote 
effi cient irrigation technologies for 
supplementation of rain - fed crops and 
increased and off - season production of 
cash crops. Train farmers and other 
groups in techniques such as rainwater 
harvesting and storage, gravity, and 
low - pressure irrigation systems, and 
improving existing irrigation systems; 
provide access to equipment required 
for these techniques.  
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   •      Grain storage facilities.     Minimize 
post - harvest losses and store food 
beyond subsistence needs by training 
farmers and farmer groups in the 
construction of household and 
community grain storage structures. 
 Creation of cereal banks  by communities 
to store surplus for later sales at better 
prices.  

   •      Agricultural extension services.     Provide 
fi eld training on land preparation, plant 
spacing, fertilizer placement, and 
integrated soil fertility management 
practices, including agro - forestry. 
Provide information to agricultural 
extension offi cers to ensure that they 
have the latest and most appropriate 
information on soil health, small - scale 
water management, improved seeds, 
livestock, agro - forestry, and other 

locally relevant agricultural 
techniques.  

   •      Crop diversifi cation for income 
generation and nutritional 
security.     Promotion of crops that help 
improve household nutrition. Crops 
include vegetables, fruits, grain 
legumes, livestock, and dairy. This 
diversifi cation strategy must include 
nutrition education programs around 
the various crops.  

   •      Farmer organizations.     Help establish 
and train village organizations to 
develop organized systems to sell 
products to more distant markets, 
engage with microfi nance institutions 
to purchase farm inputs, and promote 
other skills required for developing 
commercial farming enterprises.    

   2.4.5 
Food Utilization 

 To have food available and accessible to eat, whether purchased at the market or 
grown at home, is not the sole solution to food security. A person ’ s body must be 
in good physical condition in order to properly use the food. This is termed food 
utilization    –    the ability to use food effi ciently in order to live life to the fullest. 
Focusing on the individual level, food utilization also takes into consideration the 
biological utilization of food. Biological utilization refers to the ability of the 
human body to take food and convert it into energy, either used to undertake daily 
activities, or stored. Utilization requires not only an adequate diet, but also a 
healthy physical environment, including safe drinking water, adequate sanitation 
and hygiene, decreased burden of infectious disease, and the knowledge and 
understanding of proper care for oneself, for food preparation and safety. 

   2.4.5.1    Balanced Diets and Utilization of Nutrients: The Chemical Components 
 Chemistry has taught us that not only is it essential that our bodies absorb the 
nutrients from foods that we eat, but that the chemical composition of the foods 
consumed in specifi c combinations and the quality of the diet are critical in 
meeting dietary needs. The role of essential nutrients in human health and the 
synergies in their physiological functions are being increasingly recognized and 
support the notion that nutrient defi ciencies rarely occur in isolation  [48] . The 
challenge is to provide the adequate amount and diversity of nutrients required 
for a complete human diet. This urges a multidimensional approach. Optimizing 
for nutrient diversity can be presented schematically as maximizing the various 
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arms of an ecological spider diagram, as illustrated in Figure  2.9 . Figure  2.9 a 
shows the nutrient composition of an ideal diet that meets all nutritional needs, 
shown in pink. An example of nutrient composition of a diet that meets carbohy-
drate demand but lacks protein and micronutrients or trace elements is shown in 
blue. In Figure  2.9 b, nutrient composition data of three food crops are shown as 
% of daily requirement (100%). The blue line represents one cup of white corn 
(166   g), the green line one cup of black beans (194   g) and the orange line one cup 
of pumpkin (116   g). The spider diagram shows the complementarity between the 
three food crops for carbohydrates, proteins, dietary fi ber, and vitamin A and the 
importance of the chemical composition of foods in meeting the nutritional 
requirements of the diet.   

 On a global basis, plants provide approximately 65% of the world supply of edible 
protein whereas animal products contribute 35%  [50] , much coming from cereal 
grains. Important differences among and between food products are the concentra-
tions of proteins and the essential amino acids they contain. Eight amino acids 
are generally regarded as essential for humans: isoleucine, leucine, lysine, methio-
nine, phenylalanine, threonine, tryptophan, and valine. In addition, arginine, 
cysteine, histidine and tyrosine are required by infants and growing children. These 
amino acids are considered essential because the body does not synthesize them, 
making it essential to include them in one ’ s diet in order to obtain them. 

 Diets rich in cereals and of vegetable origin do not contain all the essential 
amino acids necessary for daily consumption and requirements. Instead, near -
 complete proteins are found in plant sources. In contrast, animal sources such as 
meat, poultry, eggs, fi sh, milk, and cheese provide all of the essential amino acids 
but are not consumed on a daily basis by the majority of the global population 
(particularly the developing world) due to cost and supply. Often in the developing 

     Figure 2.9     Ecological spider web presenting 
diversity requirements in a human diet. (a) 
Nutrient composition of an ideal diet that 
meets all nutritional needs is shown in pink. 
An example of nutrient composition of a diet 
that meets carbohydrate demand but lacks 
protein and micronutrients or trace elements 
is shown in blue. (b) Nutrient composition 
data of three food crops are shown as % of 
daily requirement (100%). The blue line 

represents one cup of white corn (166 g), the 
green line one cup of black beans (194 g), and 
the orange line one cup of pumpkin (116 g) 
(nutrition facts from  http://www.nutrition-
data.com ). The spiderdiagram shows the 
complementarity between the three food 
crops for carbohydrates, proteins, dietary 
fi ber, and vitamin A  (source  [49] ).  (Please 
fi nd a color version of this fi gure in the color 
plates.)  
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world, the diet is not adequate in quality protein when consumed in the traditional 
sense as the diet is made up mainly of plant - based sources. This often leads to 
children with protein energy malnutrition and faltering growth, particularly 
among children aged 6 to 24 months  [51] . Yet, despite this challenge, it is not 
necessary to consume animal sources containing complete proteins as long as a 
reasonably varied diet is maintained and other sources rich in proteins, such as 
legumes which contain essential amino acids, provide adequate full complementa-
tion of the essential amino acids and protein quality for adequate health and 
nutrition. By consuming a wide variety of plant foods, a full set of essential amino 
acids will be supplied and the human body can convert the amino acids into pro-
teins. This is at the core of the chemical composition of diets. 

 To consume a varied diet made up mainly of plant sources, it is important to 
think about chemical composition and combinations of food. When two dietary 
proteins are combined, different types of responses result  [50] . Four types have 
been classifi ed (Figure  2.10 ) through chemical bioassay studies. Type I indicates 
when no protein complementary effects occur. This can occur with peanuts mixed 
with corn diets in which both are defi cient in essential amino acids. This is obvi-
ously not an optimal combination to provide protein needs for the day. Type II is 
when two sources of food such as corn and cottonseed have a limiting amino acid, 
in this case lysine. Some of the essential amino acids are met, but not completely. 
Type III demonstrates a true complementary effect working synergistically to meet 
the needs with corn and soybean. The sum of both meets the protein needs. Soy 
is considered a high quality protein source. Type IV occurs when both sources 
have a common amino acid defi ciency and is not considered ideal  [50] .    

     Figure 2.10     Protein complementation and four response types  (source  [50] ).   
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   2.4.5.2    Antinutrients 
 With plant foods being the predominant source of the diet in much of the poor 
world, antinutrients and promoters contained in these plant foods should be taken 
into consideration with regard to bioavailability of nutrients to humans. Most 
antinutrients in foods inhibit the absorption of micronutrients that are essential 
for growth and are often defi cient in the developing world    –    predominantly iron 
and zinc. Antinutrients include phytic acid, fi ber, tannins, oxalic acid, goitrogens 
and hemagglutinins  [52] . Phytic acid or phytates, one of the greater concerns, are 
often found in whole legumes, and cereal grains    –    the staples of the diets in 
resource - poor communities. 

 Several traditional food processing and preparation methods, that work on the 
basics of chemistry, are often used at the household level to enhance the bioavail-
ability of micronutrients, including mechanical processing, soaking, fermentation 
and germination or malting  [53] . For example, boiling of tubers can induce moder-
ate losses of phytic acid  [54] . Fermentation can also induce phytate hydrolysis via 
the action of microbial phytase enzymes which hydrolyze phytate to lower inositol 
phosphates  [55] . This has been done in maize, soy beans, sorghum, cassava, 
cocoyam, cowpeas and lima beans, all common foods in the developing world. 
Low - molecular weight organic acids such as citric acid can increase fermentation 
and enhance the absorption of zinc and iron  [56] . 

 Cassava is an important tropical root crop providing energy to approximately 
500 million people (Figure  2.11 ). The presence of the two cyanogenic glycosides, 
linamarin and lotaustralin, in cassava is a major factor limiting its use as food and 
can be toxic. Traditional processing techniques practiced in cassava production are 
known to reduce the cyanide chemical in tubers and leaves. These including sun 
drying, soaking followed by boiling and fermentation, as used for traditional 
African cassava end products such as gari and fufu. The best processing method 
for the use of cassava leaves as human food is pounding the leaves and cooking 
the mash in water  [57] .    

     Figure 2.11     Cassava in Africa  (source: Nestle).  (Please fi nd a color version of this fi gure in 
the color plates.)  
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   2.4.5.3    Fortifi cation of Food Vehicles: One Chemical at a Time 
 Food fortifi cation is one of the food - based strategies for preventing micronutrient 
defi ciencies. Currently, over 2 billion people globally are defi cient in micronutri-
ents, and many of these are women and children  [9a, 9c] . In developing countries, 
fortifi cation is increasingly recognized as an effective medium -  and long - term and 
accessible approach to improve the micronutrient status of communities  [58] , and 
is considered cost effective. Fortifi cation does not require changes in the dietary 
habits of the population, can often be implemented relatively quickly, and can be 
sustainable over a long period of time. It is considered one of the most cost -
 effective means of overcoming micronutrient malnutrition  [18a] . 
   

 Improving foods for malnourished children 
 The  Global Alliance for Improved 

Nutrition  ( GAIN ) is working with 
governments, public – private partnerships, 
local companies, non - governmental 
organizations, and not - for - profi t venture 
capitalists to improve infant and young 
child feeding through commercializing 
nutritious  fortifi ed  food products, including 
fortifi ed complementary foods, 

micronutrient powders and lipid - based 
nutrient supplements. One study done by 
Doctors without Borders showed that 
short - term supplementation of these 
fortifi ed complementary feeding foods 
given to children who were not 
malnourished reduced the incidence of 
acute malnutrition in Niger. 

 Fortifi cation is the addition of nutrients to commonly eaten foods such as fl our, 
sugar, salt and cooking oil, to increase the consumption of essential micronutri-
ents for health. The food that carries the nutrient is the vehicle; the nutrient added 
is the fortifi er. Fortifi cation of foods is aimed to provide levels of the nutrient (30 
to 50% of daily requirements) at normal consumption of a food vehicle  [58] . For 
decades, fortifi cation has been widespread throughout the world. In the US, fl our 
has been fortifi ed and almost one quarter of iron intake comes from fortifi ed 
sources, much from fl our  [59] . 

 The selection of the right vehicle and the appropriate micronutrients is a pre -
 condition to assure success in addressing micronutrient defi ciencies, although at 
times it can be diffi cult. Potential vehicles have a pyramid - type priority (Figure 
 2.12 ) in that stable foods form the base of the pyramid and will result in a broader 
dissemination of targeting a large portion of the population. Basic foods and value -
 added foods are also critical to ensure that all common products within the food 
chain with the potential to be fortifi ed are targeted.   

 Successful fortifi cation vehicles for vitamin A, a common defi ciency in the 
developing world, include sugar, margarine and oil. For example, in Guatemala, 
national sugar fortifi cation with vitamin A has eliminated vitamin A defi ciency 
 [60] . Iodization of salt has become the most commonly accepted method of 
iodine defi ciency prophylaxis in most countries of the world. Its advantages include 
uniformity of consumption, universal coverage, acceptability, simple technology 
and low cost  [18a] . 60 to 70% of all salt is now iodized  [58] . During the past few 
years, attention has been given to the possible high prevalence of zinc defi ciency 
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among children and its consequences. Results presented show that zinc has 
an impact on growth, especially in severely growth retarded and underweight 
children, and reduces morbidity. The role of seeds biofortifi ed with zinc is 
being explored. 

 With this combination of technology and chemistry, food fortifi cation is one of 
the most effective methods to eliminate micronutrient defi ciencies, affl icting over 
2 billion people worldwide. It has been shown to eliminate goiter, rickets, beriberi 
and pellagra from the western world  [58]  however, the focus should next be on the 
developing world where many remain hungry and undernourished.  

   2.4.5.4    Improving Utilization through Modern Medicine: The Contribution of 
Chemistry to Basic Medicines 
 Many of the determinants that impact food utilization are considered long - term 
poverty stricken determinants to poor nutrition. As shown in Figure  2.13 , 
UNICEF ’ s framework on the determinants of undernutrition, maternal and child 
care practices, which are associated with the situation of women in societies    –    edu-
cation, knowledge, income generation, and reproductive practices  [61]   –  are at the 
root of the problem.   

 Improving child feeding practices for young children is also a huge determinant 
of food utilization and child growth. This starts right at birth with exclusive breast-
feeding and complementation of milk with food rich in energy and nutrients. 
Lastly, a robust primary health care systems approach must be in place to improve 
the nutritional situation and food utilization. Infectious diseases impede dietary 
intake and utilization, resulting in malnutrition. Consequently, one of the most 
important premises to improve nutrition is to control and prevent most common 
childhood infectious diseases by expanding immunization programs, providing 
diarrhea and malaria control and treatment programs, and decreasing parasitic 

     Figure 2.12     Food product pyramid for fortifi cation  (source  [58] ).   
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burden. The backbone of some of these programs is water supply improvements 
and improving sanitation and hygiene in the home and schools. 

 One of the greatest contributions of chemistry to treating disease is through 
medicine. In the developing world, neglected tropical diseases such as worms, 
including ascaris roundworms, trichuris whipworms, and necator hookworms, in 
the intestines can contribute to anemia  [62]  and children suffer from defi cits in 
physical growth, as well as reductions in intelligence, memory, and cognition  [63] . 
The Global Burden of Disease caused by the three major intestinal nematodes is 
an estimated 22 million  disability - adjusted life - year s ( DALY s) lost for hookworm, 
10 million for Ascaris lumbricoides, 6 million for Trichuris trichiura, and 39 
million for the three infections combined (as compared with malaria at 36 million) 
 [63b] . Anorexia and perpetuated hunger, which can decrease intake of all nutrients 
in tropical populations on marginal diets, is likely to be the most important means 
by which intestinal nematodes inhibit growth and development. 

     Figure 2.13     UNICEF ’ s framework on undernutrition  (source  [61] ).   
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 In many cases, deworming once per year with a benimidazole anthelminthic 
drug such as albendazole or mebendazole, as discovered and made available by 
chemical companies, is suffi cient  [63b, 64] . These drugs are particularly effective 
for treating ascaris and trichuris worm infections  [63b]  and can be administered 
for as little as US$0.03 per person  [65] . By treating preschool - age children and 
girls and women of childbearing age with these essential inexpensive medicines, 
morbidity and mortality can be prevented and the vicious intergenerational cycle 
of growth failure that entraps infants, children and girls and women of reproduc-
tive age in developing areas can be decreased  [66] .    

   2.5 
Conclusion 

 Throughout the history of time, it is clear that chemistry has played a central role 
in the food and nutrition security agenda. Chemistry has been pivotal to food 
production from soil to seed, from pest control to human nutrition. Although food 
access is largely dependent on socioeconomic status, chemistry plays a role in 
improving the access to healthy foods through improved post - harvest storage loss. 
And lastly, chemistry is core to food utilization and combinations    –    by improved 
biofortifi cation, food processing and essential medicines. Chemistry has contrib-
uted much to the food security agenda (Figure  2.14 ).   

 Evidence from the examples in this chapter suggests that food and nutrition 
security is complex, and requires efforts across a spectrum that includes enhanc-
ing food production while simultaneously increasing access and utilization with 
substantive political commitment to address the most vulnerable populations with 
an equitable, basic human rights approach. Chemistry plays a critical role in this 
spectrum and, in the future, requires a cross - sectoral approach. 

     Figure 2.14     The role of chemistry in food and nutrition security.  

Food and Nutrition Security

Food
Availability

Food
Access

Food
Utilization

Integrated soil fertility
management

Improved seeds
Integrated pest management

Post harvest
treatment

Nutrition knowledge
Bio-fortification

Processing
Medicines

CHEMISTRY



 2.5 Conclusion  93

 Iyere  [67]  stated that  “ Sustainability and globalization therefore encompass 
addressing world hunger and poverty as well. Thus, there is a great need to gear 
chemistry contribution to mitigation of these problems to the chemistry of the 
past. In those times, agriculture was invigorated through the use of sensible 
chemistry and the development of the connections between chemistry, other dis-
ciplines, the environment, and daily life in such a way that interdisciplinary think-
ing and the relation of chemical concepts to societal issues became a way of life. ”  

 In the model of food security itself along with Iyere ’ s thoughts on chemistry 
and sustainable development, addressing hunger requires a multi - disciplinary 
approach. Recent calls for greater attention to hunger and undernutrition high-
light the importance of integrating technical interventions with broader approaches 
to address underlying causes of food insecurity    –    incorporating perspectives from 
agriculture, health, water and sanitation, infrastructure, gender and educa-
tion    –    many rooted in the core science of chemistry. Such an approach would 
inherently build on the knowledge and capacities of local communities to trans-
form and improve the quality of diets for better health and nutrition. Recent 
research has documented potential synergies between health and economic 

     Figure 2.15     A 2020 vision for chemistry in achieving food security for all.  
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interventions, suggesting multi - sector approaches may generate a wider range of 
benefi ts than single sector approaches acting alone. The role of the chemical 
science and chemists will be challenged to work interdisciplinarily to address the 
global challenges that the world faces, and the hunger mandate calls for better 
tools and technologies to move forward. 

 In just 10 years from now, we envision that chemistry will become more and 
more important in all aspects of food security and nutrition (Figure  2.15 ). Although 
the numbers of those hungry and undernourished are staggering, the sciences 
such as chemistry can make huge strides to improve the situation. By 2020, much 
of the innovation and technology within chemistry can be earmarked and in 
motion to ensure that food security is achieved for all.    
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5.1 Introduction

Electrical and electronic waste (e‐waste) is one of the fastest growing global waste streams. 
In the last decade, e‐waste has become well known due to its serious threats to the environ-
ment and human health. However, e‐waste is also valuable as a source for secondary raw 
materials, particularly metals. E‐waste includes many of the metals in the periodic table, 
such as Fe, Al, Cu, Pb, Hg, As, Cd, Au, Ag, Pt, and Pd. E‐waste has become an important 
source of several of these metals. As rapid economic development and technological 
 innovation continue, the volume of e‐waste will increase. Therefore, recycling of metal 
components of e‐waste that have value will become more and more important in the attempt 
to increase global metal sustainability.

5.2 E‐Waste Issues

E‐waste is a term used to cover all types of electrical and electronic equipment (EEE) that 
has or could enter the waste stream. Globally, there is no standard or generally accepted 
definition of e‐waste (Widmer et al., 2005). A number of countries have their own defini-
tions. The most widely accepted definition is given in a European Union (EU) Directive 
on Waste Electrical and Electronic Equipment (WEEE Directive) (EPC, 2003), and this 
definition, including: (1) Large household appliances; (2) Small household appliances; 
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(3) IT and telecommunications equipment; (4) Consumer equipment; (5) Lighting equipment; 
(6) Electrical and electronic tools; (7) Toys, leisure and sports equipment; (8) Medical 
devices; (9) Monitoring and control instruments; (10) Automatic dispensers, is followed 
in a number of member countries of the EU and other countries of Europe (Li et al. 2006; 
Yang et al. 2008). In 2011, it was estimated that global e‐waste generation was growing 
by about 40 million tonnes a year (about 0.63 kg/year/capita). The amount generated 
in the EU was estimated to be 16–18 kg/year/capita) (Song et al. 2012a). The amount of 
e‐waste generated in selected countries is shown in Table 1. 

The majority of electronic equipment is sold in developed countries, such as the United 
States, Japan, Australia, and several European nations. It is estimated that 50% to 80% of 
the e‐waste collected for recycling in the United States is shipped to less developed coun-
tries (Kahhat et  al. 2008; Namias 2013). The UK is the dominant European exporting 
country, followed by France and Germany (Torretta et  al. 2013). Certain regions have 
become centers for informal electronic waste recycling in which e‐waste products, such as 
cell phones and computer motherboards, are dismantled manually by untrained personnel 
and metals of value extracted, often using hazardous chemicals and procedures. The most 
prominent of these regions are located in Asia and Africa, as shown in Figure 1. Informal 
e‐waste recycling has been reported in Qingyuan, Guiyu, Fengjiang, Zhejiang, and 
Guangdong Provinces, China; Manila, Philippines; Bangalore and Chennai, India; Seoul, 
South Korea; New Territories, Hong Kong; and HaiPhong City, Dong Mai, and Bui Dau, 
Vietnam. Generally, the e‐waste export market is quite diverse, ranging from small  family‐
based networks to large and well organized trading firms.

Electronic devices are complex and are made of a wide variety of materials. If these devices 
are improperly recycled, toxic substances, such as polychlorinated dibenzo‐p‐dioxins and 
dibenzofurans, flame retardants, and toxic metals, e.g., Pb, Hg, As, Cd, and Cr(VI), can be 
released and cause serious environmental pollution (Duan et  al. 2011; Lundgren 2012). 
Workers and local residents are exposed to toxic chemicals through inhalation, dust ingestion, 
dermal exposure and oral intake. Inhalation and dust ingestion impose a range of potential 
occupational hazards including silicosis. Overall, human health risks from e‐waste include 
breathing difficulties, respiratory irritation, coughing, choking, pneumonia, tremors, neuropsy-
chiatric problems, convulsions, coma and even death (Samarasekera 2005; Wang et al. 2011).

Table 1 E‐waste generation in selected countries

Country Total E‐waste Generated (tonnes/year) Year

Global 40,000,000 2011
Switzerland 66,042 2003
Germany 1,100,000 2005
United Kingdom 1,200,000 2010
USA 3,160,000 2008
Taiwan 14,036 2003
Thailand 60,000 2003
Denmark 118,000 1997
Canada 67,000 2005
India 380,000 2011
Philippines 58,000 2010
Nigeria 60,000 –
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Figure 1 Potential Global E‐waste Flows. (Source: Song et al., 2014. Reproduced with permission from Elsevier)
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5.3 E‐Waste Management in China

As one of the largest exporters of EEE and importers of e‐waste worldwide, China plays a 
key role in the social, economic, environmental and material life cycles of much of the 
world’s electrical and electronic equipment. As a result of increased Chinese and world-
wide consumption and turnover of EEE, China is now facing serious e‐waste problems 
from both growing domestic generation and foreign imports.

5.3.1 Generation and Flows

In China, e‐waste comes from three major sources: households; business offices,  institutions, 
and government offices; and original equipment manufacturers. Household appliances are 
the source of most household e‐waste. Waste computers and other office equipment (e.g., 
copy machines and printers) are the major e‐waste flows generated by business offices, 
institutions, and government offices. The upgrade rate of computers from these offices is 
higher than that for households. As seen in Table 2, domestic generation for five kinds of 
e‐waste in China reached 148.97 million units, which was about 4.48 million tonnes, in 
2014. In China, both domestic generation and illegal importation were important e‐waste 
sources. From estimates by an environmental group (BAN &SVTC, 2002), around 80% of 
the e‐waste collected for recycling in the United States was exported into Asia, and around 
90% of this e‐waste went to China. Attempts of the Chinese government to reduce the 
quantity of illegal e‐waste imported have been only partially successful.

According to the traditional economic custom, Chinese people seldom discharge their 
used electrical and electronic products, even if these products are out of date or broken 

Table 2 Domestic e‐waste generation in China

Year 2014 2015 2016 2017 2018 2019 2020

Refrigerators Number 
(million units)

12.32 13.75 18.73 23.29 35.77 42.45 54.47

Mass (million 
tonnes)

0.55 0.62 0.84 1.05 1.61 1.91 2.45

Washing 
machines

Number 
(million units)

19.04 20.86 24.17 26.59 29.71 35.94 44.68

Mass (million 
tonnes)

0.48 0.52 0.6 0.67 0.74 0.9 1.12

Air 
containers

Number 
(million units)

35.15 37.52 35.08 40.57 42.9 57.07 71.92

Mass (million 
tonnes)

1.79 1.91 1.79 2.07 2.19 2.91 3.67

TV sets Number 
(million units)

28.33 38.11 42.95 44.55 52.05 56.96 66.7

Mass (million 
tonnes)

0.85 1.14 1.29 1.34 1.56 1.71 2.00

PCs Number 
(million units)

54.13 57.1 59.7 61.97 63.94 65.63 67.08

Mass (million 
tonnes)

0.81 0.86 0.9 0.93 0.96 0.98 1.01
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(Li et al. 2006). The owners hope that their used or broken electrical and electronic prod-
ucts may be useful in the future or may be sold to collectors. Table 3 shows methods for 
disposal of unwanted electronic and electrical products from households in China (Huang 
et al. 2006; Geering 2007; Yang et al. 2008; Liu et al. 2006a; Liu et al. 2006b). It is common 
for people in households and small businesses to sell their e‐waste to peddlers, accounting 
for 30%−56.8% of the items discarded. It is seen in Table 3 that “storage at home” was an 
important disposal method. Such storage time may vary from several months to several 
years or more. Key factors that determine storage time are the existence or non‐existence 
of collection systems and collection costs. Only 3.9%−6% of e‐waste is directly returned 
to retail merchants or manufacturers. In addition, unwanted products are donated to others, 
especially poor relatives and friends, by the owners.

5.3.2 Policies

In an attempt to solve the serious e‐waste issues in China, the Chinese government has 
drafted a comprehensive body of law on environmental protection. In the initial stage, the 
government enacted several general environmental laws (Figure 2) for e‐waste recycling 
management, including General Environmental Law, Solid Waste Pollution Control Law, 
and Circular Economy Promotion Law. Although these laws gave an overall strategy of 
environmental protection and resources recycling, they were not feasible in practice.

As seen in the titles of the regulations and laws listed in Figure 2, the purpose of the leg-
islation is to standardize e‐waste recycling and renewable resources reuse. The Regulation 
for Management of Recycling and Treatment of WEEE (2009), a counterpart to the EU 
WEEE directive, is the basic law for processing e‐waste in China. Its purpose is to reduce 
the volume of e‐waste and to establish modern recycling systems. It stipulates that e‐waste 
can be collected separately but must be recycled together in licensed enterprises. In addition, 
it requires that the stakeholders (i.e., producers and/or importers of e‐waste products) must 
pay the costs for e‐waste recycling. According to this law, a special treatment fund is set up 
by the government to assist in the e‐waste recycling system, as shown in Table 4. 

Table 3 Disposal methods for unwanted electronic and electrical products in China

Categories Ningbo/2003 Taizhou/2007 Beijing/2006 Beijing/2005 Beijing/2005

Sell to 
peddlers

43 34 30 56.8 49.7

Sell to 
second use

12 8 13.3 13.6

Return to 
retail or 
manufacturers

– 6 – 3.9 –

Direct 
discarding

16 5 – 16.9 3.5

Donation 8 13 26.1
Storage at 
home

14 26 70 9.1 7.1

Others 8 8 – – –
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Figure 2 E‐waste Laws and Regulations in China
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In addition to the above regulations, there are additional laws that establish the legal 
framework of e‐waste disposition in China. For example, Administrative Measures on 
Pollution Control for Electronic Information Products (2006) is recognized as a counter-
part to the EU’s Restriction of the use of certain Hazardous Substances directive (RoHS 
Directive 2002/95/EC), which restricts six substances in electrical information products, 
i.e., Pb, Hg, Cd, Cr(VI), polybrominated biphenyl (PBB), and polybrominated diphenyl 
ethers (PBDE) but does not set a fixed deadline for the prohibition. Compared with RoHS, 
the Chinese Ordinance requires that manufacturers provide information about hazardous 
substances present both in components and in the whole product, as well as the product 
lifespan and related environmental protection information, such as product name, product 
content, and whether or not the product can be recycled. This Ordinance reflects the 
 evolving trend of Chinese environmental policy regarding disposal of end‐of‐life (EOL) 
products. The Catalogue for Managing the Import of Wastes (2014), which closely resem-
bles the Basel Convention (Basel Convention, 1989) in nature, focuses on the control of 
illegal e‐waste shipments through customs administration.

The promulgation of these e‐waste laws reflects the evolving trend of Chinese environ-
mental policy from “End‐to‐end management” to “Source management”, meaning that the 
Chinese government has changed the focus on e‐waste management from “waste disposal” 
to “pollution source control and resource recycling”. The essential objectives of current 
Chinese policy are to reduce, minimize, recycle, and reuse e‐wastes. Current laws not only 
encourage environmentally friendly processing for e‐waste recycling, but also provide a 
special fund to support the e‐waste recycling system, and employ a licensed scheme for the 
e‐waste recycling industry.

5.3.3 Formal and Informal Sectors

Formal and informal recyclers co‐exist within China’s current e‐waste treatment system. 
The informal collection and recycling of e‐waste emerged as a way of extracting value from 
e‐waste through refurbishment and re‐use, as well as through scrap recovery and recycling. 
However, e‐waste recycling in the informal sector is characterized by product dismantling and 
metal recovery practices that pose significant risks to both workers’ health and the environ-
ment (Izatt et al. 2014). In recent years, the formal recycling sectors have grown steadily under 
governmental regulation and financing, which has enabled the establishment of e‐waste recy-
cling processes that are safer and more environmentally and economically sound. Nevertheless, 
large volumes of e‐waste continue to flow to and through the informal sector.

5.3.3.1 Formal Sectors

According to “Regulation for Management of Recycling and Treatment of WEEE” (2009), 
enforced since January 2011, enterprises that handle any or all of the five primary types of 
e‐waste, i.e., TV sets, refrigerators, washing machines, air conditioners and personal 

Table 4 National specialized treatment fund for e‐waste in China (RMB/per unit)

Categories TV set Refrigerator Washing machine Air conditioner PC

Producer fee 13 12 7 7 10
Treatment subsidy 85 80 35 35 85
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computers (PC), must first receive a treatment license signifying that they have received 
qualification permission. Formal e‐waste recyclers in China can thus be defined as desig-
nated recycling enterprises that are included on the e‐waste Dismantling Enterprise List 
and have received a treatment license. Recycling licenses for e‐waste are issued by provin-
cial Environmental Protection Bureaus.

In China, development of the formal recycling system can be divided into three stages: 
(1) Embryonic stage (before 2009). In this stage, some resource‐recycling enterprises 
began to pay increased attention to e‐waste recycling. Only eight large‐scale facilities with 
formal and advanced technical processes either had been built or were being planned for 
construction in China during the period 2003−2005. All these facilities were located along 
the eastern coast of China, where economic development was concentrated. The most 
important reason for the small number of recycling facilities is that those engaged in formal 
recycling were required to pay the cost of collecting the e‐waste, because of the relatively 
inefficient collection network. (2) Development stage (2009−2011). By the end of 2010, 
about 81 formal enterprises had been established, due to the “Old for New” policy for home 
appliances. Under this policy, formal recyclers could obtain e‐waste at lower cost. In 2011, 
61.3 million (m) home appliances were collected and treated by the formal sector. This 
number included: TV sets, 5l.5 m; refrigerators, 2.2 m; washing machines, 4.7 m; air 
 conditioners, 0.2 m; and PCs, 2.6 m. (3) Mature (2012+). As the Regulation for Management 
of Recycling and Treatment of WEEE (2009) was enforced, beginning in 2011, the extended 
producer responsibility (EPR) system of e‐waste treatment began to come into force, and 
the formal recycler could get a treatment subsidy for e‐waste recycling (see Table  4). 
In order to ensure that the operating capacities of the local e‐waste recycling industries 
match local needs, provincial governments have developed five‐year plans for the e‐waste 
recycling industry in their administrative territories and awarded a corresponding number 
of licenses to local recyclers. Up to December 2014, 106 e‐waste recycling enterprises in 
29  provinces and municipalities had obtained the official license for the treatment and 
 disposal of e‐waste, and were included in the Treatment Fund of E‐waste list, as shown in 
Figure 3. In 2013, about 39.87 million units were recycled through the formal recyclers, 
and about 3.3 billion RMB in subsidies were provided for the formal recyclers.

5.3.3.2 Informal Sectors

According to “Administrative Measures for the Prevention and Control of Environmental 
Pollution by WEEE (2007)” (enforced since February 2008), any individuals or enterprises 
who were engaged in recycling activities but were not included in the e‐waste dismantling 
enterprise list were performing these activities illegally. In other words, informal e‐waste 
recyclers are not registered with the State and their activities are therefore illegal.

The informal recycling sector in China did not develop overnight. Rather, it has devel-
oped logically along with the improved economy and rising standard of living, both 
nationally and locally. In the 1990s, as imported electronic waste began to enter China as 
a cheap source for second‐hand goods and secondary resources, individual recyclers began 
harvesting valuable materials from this imported waste. Legal restraints did not exist in 
China at the time and the enterprises flourished (Izatt et al. 2014). It is noteworthy that in 
1994 the Basel Convention, representing most developed nations at the time, voted by 
consensus for a full ban on the export of hazardous waste materials from Organization of 
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Economic and Commercial Development (OECD) nations to non‐OECD nations (Izatt 
et al. 2014). Informal recycling of e‐waste is prevalent in China in 2015, particularly in 
some coastal regions. Informal recyclers generally use substandard processes and lack 
appropriate facilities to safeguard human health and the environment. The most common 
outputs of informal recyclers are second‐hand components, refurbished appliances, and 
valuable materials, such as precious metals. In areas with sizeable electronics manufacturing 
enterprises, informal e‐waste recycling plays an important role by providing useful 
 components and materials for production. By trading with various business partners, 
including e‐waste importers, private collectors, and dealers in secondary materials and 
reusable components, informal recyclers have been able to incrementally expand their 
trading networks and supply chains from the bottom up.

Duan and Eugster (2007) estimated that around 250,000 people in China work in the 
informal e‐waste recycling industry, engaging in manual dismantling and material recovery. 
While informal e‐waste recycling occurs in several locations in China, the two largest 
centers are Guiyu, Guangdong Province, and Taizhou, Zhejiang Province. With a popula-
tion of 150,000, including 100,000 migrants, Guiyu is home to more than 300 companies 
and 3,000 individual workshops that are engaged in informal e‐waste recycling. Of 
Guiyu’s 28 villages, 20 are engaged in e‐waste recycling (Bi et al., 2010). Most of the 
recycling laborers are rural migrants from outlying agrarian regions, such as Hunan and 
Anhui provinces, who benefit from higher wages for dismantling and processing e‐waste 
products informally. Unfortunately, their training for this dangerous enterprise is meager, 
resulting in many accidents and health problems (Izatt et  al. 2014; Song & Li 2014). 
Taizhou, a city famous for secondary material production, has been involved in informal 
e‐waste recycling for nearly 25 years (Tang et al. 2010). In the early 1990s, workers in 
Taizhou began to process imported wastes such as scrap metals, obsolete electric capaci-
tors, household appliances, electric generators, and cable wires, with an annual volume of 
dismantled e‐waste exceeding 2.2 million tonnes.

In recent years, we believe that less regional informal e‐waste recycling is occurring in 
China, largely as a result of more formal e‐waste recyclers being available and of stricter 
environmental regulations related to e‐waste recycling. In terms of e‐waste categories, 
most personal computers (PC), TV sets, washing machines, refrigerators, and air condi-
tioners are recycled in the formal sector. However, other e‐waste, e.g., mobile phones, 
printers, and other small high‐tech products, is still recycled in the informal sector.

Much of the research on e‐waste issues in China was triggered by the recent environ-
mental calamity in the Guiyu area. In 2002, Greenpeace and Basel Action Network first 
exposed the pollution and ecological damage resulting from informal recycling in Guiyu in 
their report titled “Exporting Harm” (Puckett et al. 2002). This report focused global atten-
tion on China’s backyard e‐waste recyclers and sparked a great deal of research seeking to 
assess the presence of heavy metals, persistent organics and other hazardous substances in 
the water, air, soil and even human organs and tissues in e‐waste recycling sites like Guiyu 
and Taizhou. However, most research related to the informal sector has been limited to 
investigations of toxicity. More research is needed by individuals trained in the social 
 sciences, geography and economics in order to understand the underlying social and 
 economic aspects of the issue, which can in turn help address the root causes that fuel the 
informal recycling sector. An important consideration is that informal recycling is wide-
spread among many non‐OECD nations and has become vital to the economies of many 
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nations, both those which provide e‐waste and those which process it (Izatt et al. 2014). 
Disrupting the informal recycling situation as it exists would, in many cases, have severe 
economic repercussions, especially in non‐OECD nations.

5.4 Recycling of Metals Found in E‐waste

E‐waste components include most of the metals in the periodic table, such as Fe, Al, Cu, Pb, 
Hg, As, Cd, Au, Ag, Pt, Pd, rare earth metals, etc. E‐wastes represent an important and 
largely untapped secondary source of these metals. Reck and Graedel (2012) have reviewed 
the status and challenges involved in metal recycling. They summarize findings of an  earlier 
2011 United Nations study that defined and quantified global EOL recycling rates (EOLRR) 
for 60 elements, which reported that EOLRR values for common base (Fe, Ni, Co, Cu, Zn) 
and precious (Au, Ag, Pt, Pd) metals are a little above 50%, while that for Pb is about 80%.

However, the recycling situation becomes direr when recovery of metals from EOL  
e‐wastes is considered (Izatt et al. 2014). EOLRR values for electronic products are low 
(<20%), but those for many of the metals they contain are even lower, 0–15%. For example, 
the EOLRR value for Au, an important constituent of cell and smart phones, is 10–15%, 
that for Ru, an essential component of computer hard disks is 0–5%, and that for Pd, 
another important component of cell and smart phones, is 0–5%. Izatt et al. (2014) list the 
possible barriers to effective recycling of e‐waste shown in Table  5. It is apparent that 
improvement of metal recycling rates from e‐waste will be challenging.

5.4.1 Base or Major Metals (Fe, Al, Cu, Pb, etc.)

Base metals such as Fe, Cu, Al, and Pb are present in large amounts in e‐waste, primarily 
as structural components. Table 6 gives the percentage of these metals in five kinds of 
e‐waste (Song et al. 2012b). Steel is the most abundant of these metals in e‐waste in nearly 
every case, accounting for more than 50% by weight, except for the cathode ray tube (CRT) 
and liquid crystal display (LCD) monitors. Of the metals listed in Table 6, copper brings 
the most economic return from e‐waste recycling. Lead (as the base or major metal) is 
found only in the CRT monitor (16%), and can be recycled only through complicated 

Table 5 Barriers to effective recycling of e‐waste (Izatt et al. 2014). Reproduced from Izatt, 
et al. 2014 with permission of The Royal Society of Chemistry

Item Potential barriers

1 Economic incentive to recycle due to low economic benefits per unit is lacking
2 Traditional commercial recycling technologies are not adequate for recovering the 

metals present in modern products
3 Products contain a complex mixture of metals, and the composition changes over time
4 Collection procedures are scarce or do not exist
5 Cost of collection and transportation of units to smelters are large
6 Recycling is not part of a collection that includes smelters
7 Product design makes disassembly and material separation difficult
8 Public awareness of impending loss of crucial resources is low
9 Public is not attuned to local recycling procedures, if any
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technologies and procedures, resulting in its relatively lower recycling rate. Overall, the 
base or major metals constitute the main part of e‐waste, accounting for 29−81 wt % for the 
five kinds of e‐waste. These metals can be recycled easily through manual dismantling, 
mechanical crushing and sorting, and, finally, smelting. Metals of this class showed the 
highest recyclability. In 2013, according to our estimation, about 96,300 tonnes of steel, 
19,800 tonnes of Cu and 5,200 tonnes of Al were recycled in formal e‐waste recycling 
enterprises in China.

5.4.2 Toxic Metals

Toxic metals are those that are toxic at low concentrations to living organisms. E‐waste 
contains multiple toxic metals, such as Pb, Cd, and Cr(VI). The toxic nature of these metals 
will now be discussed.

5.4.2.1 Lead

The negative effects of lead are well established and recognized (Huo et  al., 2007; 
Julander et al., 2014). In humans, Pb causes damage to the central and peripheral nerv-
ous systems, blood systems, kidneys, and the reproductive system. Main sources of Pb in 
e‐waste are: glass panels in CRT monitors, and solder in printed circuit boards. As shown 
in Table 7 (Yuan et al. 2012), lead levels in CRT monitors were highest, about 1.128 kg 
per unit  (funnel glass + panel glass + frit glass + welding glass). For the CRT monitors, 
lead content of welding glass was highest, reaching 70−80%, followed by funnel glass, 
frit glass, and  pannel glass. However, due to the large amount of funnel glass present, it 
contained more lead, about 0.91 kg. Technology innovation has resulted in the replace-
ment of CRT  monitors by LCD monitors. At the same time, most e‐waste contains PCBs, 
which complicate Pb  recycling. It is expected that the Pb‐PCB issues will become more 
important in the future.

5.4.2.2 Cadmium and Chromium(VI)

Cadmium compounds are toxic and bioaccumulate in human tissues and organs, with a risk 
of irreversible effects on human health (Yang et  al., 2013). Cadmium occurs in certain 
high‐tech products, such as surface mount devices, chip resistors, infrared detectors, and 
semiconductor chips. Chromium(VI) is still used for corrosion protection of untreated and 
galvanized steel plates and as a decorative or hardener for steel housings (Rao et al., 2002). 
It easily passes through cell membranes and is then absorbed, producing various toxic 
effects in contaminated cells.

Table 6 Percentages by weight of base or major metals in e‐waste

Categories Steel Copper Aluminum Lead Total

PC mainframe 55% 8% 14% ‐ 77%
CRT monitor(PC and TV set) 12% 3% 1% 13% 29%
LCD monitor(PC and TV set) 39% 7% 1% ‐ 47%
Refrigerator 49% 4% 1% ‐ 54%
Washing machine 52% 2% 4% ‐ 58%
Air conditioner 54% 18% 9% ‐ 81%
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In Tables 8 and 9, potential environmental and human health effects of toxic metals in 
China are presented. Levels of toxic metals other than Pb in e‐waste are very low. Toxic metals 
are also dispersive in the components and parts of e‐waste. At present, there are no effective 
recycling technologies for these metals. In the formal sectors, due to their low recyclability 
and low economic value, most toxic metals are treated as hazardous waste. In the informal 
sector, these metals often flow into the surrounding air, soil or water, resulting in serious 
threats to the environment and human health. Metals of this class showed lower recyclability.

Table 7 Lead levels in cathode ray tube monitors and printed circuit boards (PCB)

Components Percentage (%) Mass (kg)

Funnel glass 22~28 0.91
Panel glass 0~4 0.18
Frit glass 26~32 0.012
Welding glass

PCBs
70~80

−

0.026

0.051

Table 8 Environmental pollution of toxic metals in China

Location Sampling 
time

Sampling site Concentrations References

Toxic metals in air

Guiyu 2007.9 PCB recycling 
workshop

TSP: Cd: 0.08; Pb: 
4.4 μg/m3

Bi et al. 2010)

Jiangsu 
(Formal)

2011.3 PCB recycling 
workshop, 1.7 m 
above ground 
level

TSP: Cr: 0.17; Cd: 
0.028; Pb: 1.40 μg/m3

PM10: Cr: 0.17; Cd: 
0.016; Pb: 0.56 μg/m3

Xue et al. 2012)

Toxic metals in dust

Guiyu 2004.12 Workshop dust; 
adjacent roads

Workshop dust: Pb 
110,000 mg/kg;
Adjacent roads: Pb 
22,600 mg/kg

Leung et al 2008)

Guiyu 2010 Family‐run 
workshops

Cd: 1.9; Cr: 61; Pb: 
892 mg/kg

Zhu et al. 2012)

Jiangsu 
(Formal)

2011.3 PCB recycling 
workshop

Cr: 43; Cd: 14; Pb: 
4,320 mg/kg

Xue et al. 2012)

Toxic metals in soils

Guiyu 2003.8 Burnt plastic 
dump site, printer 
roller dump site

Cd 1.7; 3.1mg/kg; Cr 
28.6; 74.9 mg/kg; Pb 
104; 190 mg/kg

Leung et al. 
2006)

Taizhou 2005.11 Paddy soil Cd: 1.19, Cr:6.12, Pb: 
55.81 mg/kg

Fu et al. 2008)

Luqiao in 
Taizhou

2008.8–9 Agricultural soils Pb: 115.1; Cd: 1.77; 
Cr: 61.4 mg/kg

Tang et al. 2010)

Longtang 2005.6 Open burning 
sites

Pb: 1,714.5; Cd: 
10.3; Cr:63.3 mg/kg

Luo et al. 2008)
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5.4.3 Precious Metals

The demand for precious metals by manufacturers of e‐products has increased significantly 
over the past ten years. In the USA in 2007, 6% of mined gold was used for manufacturing 
e‐products (Tay et al., 2013; Zhang et al., 2012). The great advantage of precious metals is 
their high resistance to oxidation and corrosion and high conductivity, which gives them 
excellent contact properties. Although precious metal concentrations in e‐products are very 
low, these metals have high economic value and significant environmental effects  compared 
to other substances present in much higher quantity (e.g., iron, copper, plastics) (Chancerel 
et al., 2009). Mobile phones contain less than 0.01% gold, but ~50% of the economic value 
and environmental impacts of the phone result from this gold content (Geyer and Doctori 
Blass, 2009).

Precious metals mainly occur in printed circuit boards (PCB) as components of com-
plex material mixtures, as they are mixed with or connected to other metals in contacts, 
connectors, cables, solders, hard disk drives, etc. Table 10 compares precious metal con-
centrations in PCBs, as determined by different researchers. It is seen that precious metal 
concentrations varied in the different studies, e.g., Au (80–800g/t); Ag (110–3300 g/t); Pt 
(4.6–30 g/t); Pd (10–294 g/t). Reasons for this variance are likely related to differences in 
ages, origins and/or manufacturers of the products.

Though concentrations of precious metals in e‐waste products are appreciable, recovery 
rates for these metals are low (<5 %). As mentioned earlier, informal recycling has been 
much more effective than formal recycling in recovering precious metals from e‐waste in 
China. However, informal recycling is also a major contributor to China’s serious environ-
mental and health problems.

5.4.4 Rare Earth Elements (REEs)

REEs are considered to be in the most critical materials group, with the highest supply risk. 
The global demand for REEs is growing at a rate of 3.7–8.6% annually. REEs are used in 
the widest range of consumer products of any element group because of their unique physi-
cal and chemical properties (Castor and Hedrick, 2006). Here, we mainly consider the 
recovery of REEs from the fluorescent materials in e‐waste. Fluorescent material is used 
mainly in the production of lighting such as fluorescent lamps (FLs), the backlight of flat 
panel displays, and in CRT monitors and display devices. Yttrium, Eu, Ce, La and Tb are 
used as phosphors for FLs.

Ratios of the amounts of REEs used in phosphors to the total usage amounts of REEs 
have been calculated from the application proportions of REEs used in various industries 

Table 10 Precious metal concentrations in several different printed circuit boards (g/tonne)

Metals Hao et al.,
2008

Yu et al.,
2011

Sum,
1991

Zhao et al.,
2004

Zhang and Forssberg,
1997

Iji and Yokoyama,
1997

Au 800 570     80 280 420 350
Ag 800 3301 3300 110 1240 1300
Pt − 30 − − − 4.6
Pd 210 294 − − 10 250
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(Tan et al. 2014). It was found that all of the Eu, 85.2% of the Tb, and 76.7% of the Y were 
used for the production of phosphors, while the proportions of La and Ce were negligible, 
only 1.6% and 2.0%, respectively. Flows into use and in‐use stock of REEs in phosphors 
have been estimated and combined with studies on global REE in‐use stock estimates 
(Table 11; Du and Graedel, 2011). Fluorescent lamp production is one of the main areas 
requiring use of phosphors. Due to the phasing out of CRT display devices, the percentage 
of total phosphor use for FLs has risen gradually to about 90% in 2011 (Tan et al. 2014). 
Consequently, considerable quantities of future rare earth resources, especially of Eu, Tb, 
and Y, will be used in the manufacture of phosphors. However, due to low REE concentra-
tions in FL products and the lack of effective REE separation and recovery technologies, 
no REEs are being recycled from FL products.

5.5 Challenges and Efforts in Metal Sustainability in China

5.5.1 Challenges

As illustrated in Figure 4, China’s metal production and consumption since the 1990s has 
accelerated because of the rapid increase of domestic industrialization and urbanization, 
improved infrastructure, social wealth accumulation, and the steady improvement of 
 overall living standards. It is expected that the production and consumption of metals will 
continue to increase in the foreseeable future. However, compared with the large metal 
consumption envisioned, it is important to note that the basic reserves of metals are finite. 
As extraction of present ore supplies continues, ore grades decline and more energy and 
water are required to remove and process the ore. The search for new minable ore deposits 
is always ongoing, but the results are not certain. The data in Figure 5 indicate that metal 
reserves in China will decrease in the future. Thus, as the growing demand for metals 
increases, a supply crisis has emerged in China. This is illustrated in Figure 6, where the 
increasing demand for iron, as the infrastructure expands, has resulted in a high import 
ratio, 56.76% in 2012.

Metals are infinitely recyclable in principle, but in practice recycling is often inefficient 
or essentially nonexistent because of limits imposed by social behavior, product design, 
recycling technologies, and the thermodynamics of separation processes. The metal supply 
in China would be greatly augmented by more effective metal recycling.

5.5.2 Efforts

The average annual GDP growth in China is 8% (Zhang et al., 2014), making it one of the 
fastest developing countries in the world. Resource shortages have become a key constraint 
for China’s sustainable development. Recycling is considered an effective means of waste 

Table 11 Flows into use and in‐use stock of REEs in phosphors

Element La Ce Eu Gd Tb Y

Flows into use (tonnes/yr) 350.4 558.0 300.0 385.0 255.6 9434.1
In‐use stock (tonnes) 1376.0 2880.0 400.0 630.0 596.4 5292.3
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management aimed at partially alleviating this shortage. Benefits of recycling include 
resource conservation and indirect energy and water savings from reducing raw material 
extraction. Since around 2005, the Chinese government has made great efforts to improve 
resource recycling, especially of metals. Governmental policy regarding recycling has 
undergone a dramatic transformation in the last decade. Previously, the main concern was 
pollution prevention, but the new position gives increased attention to recovering the recy-
clable resources in EOL products. The center of this policy shift is the Circular Economy 
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Promotion Law passed in 2008 (NPC, 2008), which aims to restructure the country’s linear 
resource‐consumption economy into a circular one in which all waste products (heat, water, 
gas and materials) are reduced in magnitude and recycled to the maximum extent possible. 
This dual emphasis on pollution prevention and resource recovery by recycling is intended 
to become the basis of an entirely new economic system (Mo et al. 2009). Along with this 
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key law, a recycling supervision policy system has been built. The whole recycling policy 
system now encompasses about 90 related laws and regulations, 26 of which are estab-
lished or revised by legislative action or by departments of the central government. Regional 
governments also establish their own practical regulations for recycling systems in line 
with the central policy system.

Under the recycling supervision policy, China is establishing effective systems for 
 various recyclable resources to achieve effective metal recycling. The recycling system 
has the following parts: recycling network in communities, recycling network in enter-
prises and institutions, waste metals recycling network, and renewable resources terminal 
market. Recycling processes for waste iron and copper are given in Figure 7. By the end 
of 2013, approximately 100,000 recycling enterprises of renewable resources, 0.23 million 
registered recycling outlets, 0.6 million unregistered recycling outlets, and 18 million 
employees had been involved in the recycling systems. In addition, some regional 
 recycling centers have been built in China, as shown in Figure 8.

With effective policies and a working recycling system, metal recycling in China has 
made good progress. Large amounts of certain metals are recovered and reused in China, 
as shown by the examples in Table 12 and Figure 9. However, it should be noted that the 
ratio of secondary metals to metal production is still lower than that of the developed 
countries. More efforts are required in the future to further improve metal recycling in 
China.

5.6 Summary

As rapid global economic development and technological innovation occur, e‐waste recy-
cling will become increasingly important for maintaining metal sustainability. Achievement 
of effective recycling of metals from spent products is an important goal in this endeavor. 
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In this chapter, we first introduced global e‐waste issues and then, using China as an exam-
ple, analyzed the management status (generation, flows, policies, and formal and informal 
recycling) of e‐waste. We next discussed recycling of metals (base or major, toxic,  precious, 
and rare earth) from spent e‐waste products. Finally, the challenges and efforts involved in 
maintaining metal sustainability in China were presented and discussed. Metal recycling in 
China has made good progress and, with legislative laws in place, should be an important 
contributor to the Nation’s resources in the future.
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Table 12 Recovery and output value of metals

Categories 2011 2012

Mass Output value Mass Output value

Iron and steel (million tons) 91 274 84 223
Nonferrous metals ( 455 89 530 103
E‐waste (million units) 3.7 12 1.9 6
Scrapted vehicles (million units) 2.9 8 2.5 6
Scrapted ships (million units) 2.0 6 2.3 6
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1 INTRODUCTION

Anaerobic digestion (AD) is a biological process in which
anaerobic microorganisms, in the absence of oxygen,
break down complex organic matters into biogas made up
mainly by methane and carbon dioxide (Khanal et al., 2008;
Chynoweth and Pullammanappallil, 1996).

AD has long been used as a means for waste treat-
ment as well as for biogas production for energy appli-
cations. As early as the tenth century B.C. in Assyria,
biogas had already been used for heating bathwater, and
ancient Chinese had applied AD to treat solid waste even
earlier (He, 2010). In the past couple of decades, with
soaring energy consumption and more stringent environ-
mental regulations, AD has received considerable renewed
attentions for its dual roles in both waste reduction and
energy generation (Khanal et al., 2008). Particularly in
developing countries and rural areas, where commercial
services of energy are in short supply and far more expen-
sive (on per capita and purchasing power), AD technology
has become an important part of the energy supply chain
(Nyns, 1986; Braun, 2007). Although, in developed coun-
tries, AD is primarily used for waste water treatment, more
energy-orientated AD plants have been constructed. Biogas
is the basic outcome of AD process, which contains methane
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(55–75%, v/v) and CO2 (25–45%, v/v); (Reith, Wijffels,
and Barten, 2003). However, there are a few drawbacks
with the conventional AD process. For example, the reaction
is too slow and the process has poor stability and sensi-
tive to biological and environmental changes. Most impor-
tantly, the biogas produced has low energy density and
less ideal combustion properties if it is to be used in gas
engines (Porpatham, Ramesh, and Nagalingam, 2007). In
order to increase the efficiency and also the gas quality of
conventional AD, two-phase anaerobic digestion (T-PAD)
processes have been conceptualized and are being rapidly
developed.

Hydrogen is generated as an important intermediate and
served as a precursor for methane production in the conven-
tional AD, and it is also a strong inhibitor for the overall
AD process. In a T-PAD process, hydrogen-producing and
-consuming microorganisms are uncoupled from each other,
thus hydrogen is produced from the first phase (Reith, Wijf-
fels, and Barten, 2003) and tapped out as a high value gas
for downstream utilization. The effluent from the hydrogen
production process, still containing a high concentration
of volatile fatty acids (VFAs), goes into the second phase
of AD to produce methane similar to a conventional AD
process. The biogas produced from a T-PAD process is a
combination of hydrogen and methane, as well as carbon
dioxide, in a desired composition and has several advan-
tages in comparison with the conventional biogas because
hydrogen increases the ignition quality of the normally low
heating value biogas mixture. The hydrogen-enriched biogas
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can be readily and easily utilized in internal combustion (IC)
gas engines for combined heat and power (CHP) applica-
tions. Such a biogas-based CHP system offers several signifi-
cant advantages for remote communities as the process firstly
treats the organic wastes and secondly produces heat and
power for their needs. This article discusses the principles
and engineering execution of the T-PAD process in great
detail in the context of its CHP applications and concludes
with a case study of the design, operation, and performance
of a T-PAD process demonstration unit (PDU).

2 TWO-PHASE ANAEROBIC DIGESTION
FOR BIOGAS PRODUCTION

2.1 Principles of anaerobic digestion

AD is a combination of a series of digestive and fermentative
reactions by communities of various microorganisms (Brock
et al., 2003). AD technology is able to treat concentrated
organic wastes, or the substrates containing highly insoluble
organic matter such as fiber or cellulose (Brock et al., 2003).
During the AD process, most of the organic materials, except
lignin, can be digested (Appels et al., 2008).

On the basis of the microbial activities and intermediates
of metabolism, the overall AD process can be divided into
four steps, namely hydrolysis, acidogenesis, acetogenesis,
and methanogenesis (Pavlostathis and Giraldogomez, 1991).
Figure 1 illustrates the conventional AD process of organic

wastes for biogas production. It can be seen that an organic
feedstock is digested by microorganisms in the aforemen-
tioned four steps to produce biogas, mainly composed of
methane.

Hydrolysis is the first step of AD. In this step, large macro-
molecules in the organic feedstock such as proteins, lipids,
and carbohydrates are converted by bacteria into soluble
molecules (Weiland, 2010). The hydrolysis of soluble carbo-
hydrates is very fast; however, for lignocellulotic biomass, it
can be very slow (Appels et al., 2008; Ghyoot and Verstraete,
1997; Vavilin et al., 2003). The hydrolysis stage is also
highly temperature dependent, with a higher temperature
usually rendering a higher digestion rate.

Following hydrolysis, the soluble organic compounds
formed are further converted into smaller molecules,
including VFAs along with gases including mainly
hydrogen and carbon dioxide, as well as a small amount of
NH3 and H2S. The composition and amount of the products
vary, depending on the environmental conditions (pH and
temperature), as well as the type of microorganisms in action
(Bitton, 2010).

In acetogenesis, acetogenic microorganisms consume the
produced VFAs and other metabolites and convert them into
acetic acid, carbon dioxide, and hydrogen. The rate of the
acetogenesis step is mainly controlled by the partial pressure
of the hydrogen in the system; a high hydrogen pressure
usually inhibits the reaction (Appels et al., 2008).

Finally, methanogenic organisms convert previously
produced acetate, CO2, and H2 into methane. The
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Methanogenesis
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Figure 1. A schematic diagram of a conventional AD of organic wastes.
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methanogens are highly sensitive to the changes in the
environment, and particularly highly sensitive to the pres-
ence of oxygen. Hydrogen ion concentration of the medium
is also important, as methanogens grow best in pH around
6.5–8.0 (Speece, 1996).

The optimum conditions for the growth of hydrolyzing,
acidogenic, acetogenic, and methanogenic microbes are
different. Thus, most often the single-phase conventional
AD is operated under suboptimum conditions. Further-
more, hydrogen, a high value gas produced in the first
step of the conventional AD process, is consumed by
hydrogen-consuming microorganisms. For this reason,
T-PAD is chosen to treat organic wastes and produce H2-
and CH4-enriched biogas.

2.2 Principles of two-phase anaerobic digestion

The original T-PAD was proposed by Pohland and Ghosh
(1971) to handle high solid organic wastes, and it was
methane production oriented. The first phase harbors the
hydrolysis–acidification reactions in which the hydrolysis of
biomass is a rate-limiting step. The second phase harbors the
acetogenesis and methanogenesis in which the rate-limiting
step is the microbial growth, and their growth is gener-
ally slow.

On the basis of the phase separation concept, a more
advanced T-PAD has been developed to produce hydrogen-
enriched biogas, with the concept being schematically
shown in Figure 2. As seen in Figure 2, the first phase

hosts hydrolysis, acidogenesis, and acetogenesis processes,
from which hydrogen and carbon dioxide are produced
and extracted out from the reactor and the second phase
of the T-PAD is essentially the same as the conventional
AD process, but mainly hosts methanogenesis processes to
produce methane and carbon dioxide using the VFA-rich
effluent from the first phase. The innovation of the T-PAD is
that hydrogen is harvested during the process to add value to
the biogas and the inhibitory effect of methane production
can be removed.

In addition, the separation of the two phases into two
distinct reactors allows each phase to be designed to its best
performance to increase the total biogas yield in desired
compositions. By choosing the suitable operation condi-
tions, both hydrogen and methane generation processes can
be accelerated. Hence, the biogas produced from T-PAD
is a mixture of hydrogen and methane as well as carbon
dioxide. The presence of about 10–25% hydrogen in the
biogas renders better combustion characteristics than the
conventional biogas as a fuel for gas engines. In addition,
T-PAD can also reduce ammonia emission and associated
toxicity, lessening the downstream biogas cleaning require-
ment (Weiland, 1993).

By applying such principle in a remote off-grid area, in
a farm for instance, residues of crop productions, animal
manures, and household wastes can be used as feedstock for
T-PAD. Figure 3 shows an integrated utilization of organic
wastes and biomass in a T-PAD for CHP generation. The T-
PAD produces biogas for generation of CHP that can be used
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Figure 2. A schematic diagram of a two-phase AD of organic wastes.
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Figure 3. A schematic diagram of organic wastes utilization in a
T-PAD for a CHP generation.

for the household and operation of the T-PAD process. The
digestate (effluent) from T-PAD can be further processed to
produce an organic fertilizer.

2.3 Biogas production from wastes and biomass
in T-PAD

A T-PAD process involves microbial consortia working
collectively to break down macromolecules of the feedstock
to produce hydrogen and methane. Understanding the feed-
stock characteristics, makeup of microbial communities, and
process parameters affecting the rate of product formation
and substrate degradation would aid for better controlling
and efficiency of the overall T-PAD process as discussed in
the following sections.

2.3.1 Feedstock classification and characteristics

Similar to the traditional AD process, the T-PAD process
can take a wide range of biomass or organic wastes as its
substrates for biogas production. The main organic matters
in the substrates that can be digested to produce hydrogen
and methane are carbohydrates, proteins, and lipids (fats).
Among these organic matters, fats have the highest biogas
yields, but with longer digestion periods. On the other hand,
proteins and carbohydrates incur shorter digestion periods
with lower biogas yields in comparison with fats (Weiland,
2010). Typical feedstocks commonly used in a conventional
AD process are also appropriate for the T-PAD process. On
the basis of their physical appearances and the readiness to
be fed into the T-PAD process, the feedstocks are classi-
fied into three groups, namely liquid wastes, slurry wastes,
and solid wastes. Some typical feedstocks and their basic

characteristics and biogas potential are listed in Table 1.
The basic characteristics of the feedstock listed in the table
include chemical oxygen demand (COD) for liquid wastes
and slurry wastes and volatile solid (VS) to total solid
(TS) ratio (VS/TS) for solid wastes. COD can be used to
measure the biodegradability of the feedstock. As a rough
guide, organic feedstocks with COD> 1500 mg/L is catego-
rized as biodegradable materials. VS/TS ratios provide the
amount of the bio-digestible organic compounds available
in a giving feedstock. Macronutrients, such as nitrogen (N)
and phosphorus (P), need to be sufficiently available for the
AD of the waste to proceed efficiently and effectively. The
optimal carbon to nitrogen ratio (C/N) ranges from 20 to 30
(Burke, 2001) and carbon to phosphorus ratio (C/P) ranges
from 100 to 200 (Ersahin et al., 2011; Steffen, Szolar, and
Braun, 1998). In addition, micronutrients such as manganese,
copper, iron, cobalt, nickel, zinc, molybdenum, tungsten,
boron, and selenium also play an important role in AD for
stimulating the methanogenesis (Speece, 1996). When the
energy crops are used as the only substrate for biogas produc-
tion, external supplementation of trace elements would be
important for the efficient growth of microorganisms (Jarvis
et al., 1997).

2.3.2 Feedstock preparation and pretreatment

Feedstock preparation and pretreatment are essential stages
before feeding into the digesters. Depending on the physical
appearances and chemical characteristics of the feedstocks,
different levels of preparation and pretreatment procedures
need to be applied. Impurity removal, size reduction,
mixing, nutrients availability estimation, and adjustments
are the key steps to provide sufficient accessible nutrients
for the microorganisms and optimize the biogas production.
Detailed feedstock preparation and pretreatment procedures
can be found in Figure 4.

Depending on the sources of the waste streams, a range
of impurities need to be removed in the feedstock prepara-
tion step in order to improve the efficiency and effectiveness
of the AD process. These impurities include inorganic mate-
rials such as ceramics, glassware and metals, non-putrescible
organic wastes such as plastics and rubber, and other matrices
such as electrical circuit boards. The remaining solid wastes
undergo size reduction, which is required to increase the
surface area of the waste particles allowing microbial to
access the nutrients more easily and to prevent the formation
of clogs jamming pumps, pipes, and valves. Size reduction is
essential for shortening the retention time and increasing the
rate of biogas production. Typical size reduction techniques
can be found in Table 2.

Heavy metals and some cations (Na+, K+, Mg2+, and
Ca2+) need to be checked and kept below an acceptable
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Yes
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Water
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Micronutrients

T-PAD

COD ≥1500 mg/L−1

VS/TS≥0.5

20≤C/N≤30
100≤C/P≤200

Mg, Cu, Fe,
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Size
reduction

Remove impurities

Solid
wastes

Liquid
wastes

Slurry
wastes

Mixing

Figure 4. Feedstock preparation and pretreatment procedure.

Table 2. Typical size reduction techniques.

Typical Size Reduction Techniques References

Mechanical Extruder, shredder, and
ultrasonic treatment

Kim et al. (2003)

Thermal Thermal pressure
treatment (230◦C at
20–30 bars)

Mladenovska et al.
(2006)

Biological Enzymatic treatments Weiland (2010)

level; their inhibitory and toxic effects on the microorganism
activity will be discussed in detail later in this section.

As aforementioned COD, VS/TS, C/N, C/P, and the
availability of the micronutrients need to be checked before
feeding into the T-PAD. Dilution, adding artificial nutrients,
and co-digestion are three means to modify the character-
istics of the feed stream. For example, animal droppings
contain relatively high proportions of N and P, which can

be used with low N feedstock, such as green waste, for
co-digestion.

2.3.3 Microorganisms for biogas production

In the nature, a vast variety of microorganisms with hydrogen
production capabilities grow in a wide range of environments
from hot springs to sewage. However, as they live near other
anaerobic microbial communities, the products resulting
from their metabolism including hydrogen and VFA, such
as acetic acid and butyric acid, are immediately consumed
by methanogens to get CH4 and CO2 (Reith, Wijffels, and
Barten, 2003). In order to extract hydrogen efficiently from
the AD system, an active hydrogen production microflora
needs to be thrived in the first phase, whereas the hydrogen-
consuming bacteria need to be removed or inhibited. In the
meantime, the activity of methanogens in the second phase
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Bacillus

Hydrogenases

MicroorganismsTypical organic feedstock

Animal wastes: cow dung,
pig slurry, chicken litter, etc.

Horticultural wastes: fruit,
vegetables

Agricultural wastes: silage,
straw, stalk, etc.

Dairy waste water

Food waste: rice, meat.
Noodles, etc.

Clostridium

Enterobacter

Methanogenes

Methanosarcina

Methanosaeta

Methanospirilum

Figure 5. Typical feedstock and corresponding microorganisms in T-PAD process.

needs to be optimized to digest the effluent from the first-
phase digestion. Therefore, it is critical to understand the
biology and working mechanisms of both hydrogen- and
methane-producing microorganisms. Figure 5 enlists a suite
of hydrogen- and methane-producing microbes suitable for
different organic feed streams.

2.3.3.1 Microorganisms for hydrogen production.
Many bacteria strains, such as Clostridium, Enterobacter,
Escherichia, Thermoanaerobacterium, and Bacillus can be
used for hydrogen production from AD of organic feed-
stock. The hydrogen-generating bacteria (hydrogenases)
must present in the microbial community source (inoculum)
utilized for the hydrogen production. The inoculum is one of
the important factors influencing the yield and composition
of the biogas produced (Wang and Wan, 2009).

Two types of inoculums have been used for hydrogen
production, namely (i) pure cultures and (ii) mixed bacte-
rial communities from feedstock or other waste sources (Zhu
et al., 2008; Hafez et al., 2010). Table 3 shows hydrogenase
bacterias found in typical inoculums from waste sources.
Organic wastes and biomass are complex materials; there-
fore, the use of inoculums that contain different strains of
hydrogenases may improve the digestion rate of the organic
wastes to produce higher yield of hydrogen (Lu et al., 2009).

In a T-PAD process, the inoculum, especially inoculum
enriched from feedstock and wastes, contains methanogens,
some of which are known as hydrogen-consuming microor-
ganisms (hydrogenotrophics). To optimize the hydrogen
yield, the hydrogenases must be enriched while the
hydrogenotrophic microorganisms need to be suppressed.

Several methods for enriching hydrogen-producing bacterias
include inoculum pretreatment and controlling the operation
conditions in the T-PAD that favor for the metabolism of
hydrogenases. Inoculum pretreatments include chemical
treatment, acid/base treatment, heat treatment, kinetic
control for high organic loading, and applying electric
current to the inoculum (Khanal, 2009). The heat treatment
method to inactivate hydrogenotrophic microorganisms is
done by boiling the sludge for 15–30 min before the inoc-
ulation (Lu et al., 2009; Xie et al., 2008a, b). One way to
control the operation conditions that favor for hydrogenases
but inhibit the growth of methanogens during AD process is
maintaining the pH between 5 and 6. Operating the process
at a thermophilic condition may also improve the activity of
hydrogenase bacteria.

2.3.3.2 Microorganisms for methane production.
During the AD process, methane is produced from
methanogens, which use simple molecules produced by
other microorganisms. Such molecules include H2, CO2,
formate, methanol, and methylamines (Ritchie et al., 1997).
Methanogens are classified as Archae, a separate domain
differing from bacteria in many aspects and can be distin-
guished from microflora by their genomic and biological
signatures.

Most of the methanogens are mesophilic and strict anaer-
obes and are further divided into two subcategories based
on their substrate preference, namely (i) hydrogenotrophic
methanogens, which convert hydrogen and CO2 to methane,
and (ii) acetotrophic methanogens, which split acetic acid
into CH4 and CO2 (Bitton, 2010). Acetotrophic methanogens
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Table 3. Hydrogenases in typical inoculums.

Inoculums Bacterial Groups References

Augmented heat
shock anaerobic
sludge

Enterobacter
Clostridium

Lu et al. (2009)

Cow dung Paenibacillus
Enterobacter
Escherichia
Pantoea
Klebsiella

Kanso et al. (2011)

Heat-shock-
activated sludge
from a marsh
gas plant

Clostridium
Enterobacter

Song et al. (2010)

Thermophilic
anaerobic
digested manure

Thermoanaero-
bacterium
Clostridium

Luo et al. (2011)

Food waste Clostridium
Caloramotor
Thermoanaer-
obacterium
Alkalibacterium
Bacillus Desul-
fomicrobium

Chu et al. (2010)

Mesophilic
digested pig
manure

Bacteroides
Eubacterium
Clostridium

Hernandez and
Rodriguez
(2013)

Heat-shock-
digested sludge
from a marsh
gas plant

Clostridium
Bacillus

Xie et al.
(2008a, b)

include Methanosarcina siciliae and Methanosaeta ther-
mophila, whereas Methanospirillum hungatei is an example
of hydrogenotrophic methanogens.

Similar to hydrogen generation process, inoculums for
methane generation can be prepared from either pure cultures
or microbial communities from feedstock or organic wastes.
Table 4 shows methanogen microorganisms identified from
typical inoculums of organic wastes.

To achieve optimum production of methane during T-
PAD process, methanogens must be enriched mainly by
controlling the operation conditions of the T-PAD process.
The feed into the second phase of T-PAD is the effluent
from the first step, which is rich in acetates, thus the pH
is usually below 6. To ensure that the methanogens are
growing appropriately, the effluent needs to be adjusted at
the pH between 6.5 and 8. Furthermore, as most of the
methanogens are mesophilic, the temperature of the process
may be controlled at mesophilic condition.

2.3.4 Effect of temperature

As with any biological process, many aspects of the T-PAD
process, such as carbon consumption rate, bacteria growth

Table 4. Methanogens in typical inoculums.

Inoculums Methanogens References

Digested sludge Methanospirillum sp.
Methanoregula
formicicum
Methanosaeta
concilii
Methanosarcina sp.
Methanoculleus sp.

Watanabe et al.
(2013)

Thermophilic
anaerobic
digested
manure

Methanosarcina
acetivorans str.
Methanosarcina sp.
Methanoculleus sp.

Luo et al.
(2011)

Digested food
waste

Methanosaeta concilii
Methanosarcina
siciliae
Methanospirillum
hungatei
Methanosarcina
thermophila
Methanosarcina
barkeri

Chu et al.
(2010)

Rumen manure Methanobrevibacter
Methanomicrobium
Methanobacterium
Methanosarcina

Singh et al.
(2011)

rates, and the partial pressures of the produced gases are
highly dependent on the reaction temperature (Khanal,
2009; Appels et al., 2008). According to temperature
regimes, AD processes can be classified into psychrophilic,
mesophilic, and thermophilic (Song, Sang-Jo, and Jung-
Hui, 2004; Tchobanoglous et al., 2003) with the last two
being more common. The detailed temperature ranges for
the three categories are listed in Table 5. In T-PAD, the
temperature of the two separated phases can be controlled
separately. Generally, the first step is designed for ther-
mophilic condition to give faster digestion rate and the
second step is mesophilic condition for maximum biogas
production.

2.3.5 Effect of pH

The operating pH is a very important factor in the generation
of hydrogen and methane in T-PAD. The pH has an effect
on the microorganism activities and their metabolic pathway.
As shown in Figure 6, the optimal pH range for hydrogen
generation phase is 5–6 (Fang and Liu, 2002; Skonieczny
and Yargeau, 2009), and the optimal pH for the methane
generation phase is 6.5–8 (Speece, 1996). The pH for the first
phase is monitored and regulated by adding fresh feedstock
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Table 5. Classification of AD processes according to temperature regimes.

Temperature Range AD Process Growth Rates of
Microorganisms

Retention Time Reactor Volume Notes

20◦C Psychrophilic Slow Long Larger Acetoclastic methanogenesis
dominant

20–50◦C Mesophilic Moderate Moderate Moderate Acetogens and methanogens
competing in
mid-temperature ranges

Lower temperatures dominate
acetogens

Higher temperatures dominate
methanogens (Speece, 1996)

35–75◦C Thermophilic Fast Short Small Eliminate pathogens if
presented in the waste

Require longer start-up period
than the mesophiles

Instant temperature fluctuations
and high VFA partial
pressures can harm or inhibit
the methanogens

Buffer
solution

Buffer
tank

Hydrogen
generation

phase

Methane
generation

phase

Dosing pump

pH
sensors

pH
6.5–8pH

5–6

Figure 6. pH control system in T-PAD.

and removing effluent to the values ranging from 5 to 6. The
low pH effluent of the first phase is kept in a separate tank
and the pH value is adjusted with a suitable base (NaOH) to
the pH values of 6.5–8.

2.3.6 Effect of HRT

In addition to the operating temperature and pH, the time
[hydraulic retention time (HRT)] that the wastes and the
microorganisms spent in the digester is also very important.
Sufficient retention time, in both batch and continuous AD
systems, enhances the waste degradation efficiency, provides

buffering capacity, and acclimates to the toxic compounds in
the environment (Gerardi, 2003).

The HRT, as calculated according to Equation 1, is the
average time that the slurry mixture of the feedstock spent
in the digester (Gerardi, 2003; Khanal, 2009) and commonly
used as a controlling parameter in an AD process

HRT =
Digester volume

Volumetric feeding rate
(1)

It has been reported that the minimum HRT for the whole
methanogenesis process (hydrolysis, acidogenesis, acidifi-
cation, and methanogenesis)is between 10 and 15 days
(Appels et al., 2008; Gerardi, 2003; Miron et al., 2000). The
hydrogen generation process, however, is much shorter; it
takes between 3 and 6 days (Yang et al., 1997). To achieve
optimal production of hydrogen and methane, it is very
important to maintain the optimum HRTs in the first and
second phases of the T-PAD. In a batch process, the optimum
HRT is about 4 days and about 12 days for the first and
second phases, respectively. In a continuous operation, the
optimum HRT for each phase is similar to that of the batch
process, which can be adjusted by controlling the volumetric
feeding rates of the first and second AD reactors. As the HRT
required for biogas production for methanogenic bacteria
is usually longer than the hydrogen-producing bacteria, the
reactor volume for methane production is usually bigger
than the one for hydrogen production in order to ensure the
substrate to be effectively digested and biogas production at
optimum in a T-PAD system. More importantly, sufficient
HRT allows the reproduction of the microorganisms; thus,
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there will always be a relatively constant bacterial population
after the effluent or digestate is withdrawn.

2.3.7 Effect of inhibitory and/or toxic substances

AD can be inhibited by several compounds, mainly including
oxygen, ammonia, sulfides, heavy metals, high TS content,
and light metal ions (Na+, K+, Mg2+, and Ca2+; Siegrist
et al., 2002; Salminen and Rintala, 2002; Verstraete and
Vandevivere, 1999).

Oxygen is considered as the main toxicant in an AD
process. Although Enterobacter is more tolerant to the pres-
ence of oxygen, other hydrogen-producing bacteria and
methanogens are strictly anaerobic. The T-PAD has been
designed as a closed system with water seals at both feed-
stock inlet and effluent outlet minimizing the chances of
oxygen contamination.

Ammonia is produced by the biological degradation of the
nitrogenous matter, usually in the form of proteins and urea
(Kayhanian, 1999). It is generally believed that ammonia
concentrations below 200 mg/L are beneficial to AD as
nitrogen is an essential nutrient for microorganisms (Liu and
Sung, 2002) but higher ammonia concentration inhibits the
AD process. The ammonia concentration is dependent on pH
value, temperature, and the presence of certain ions such as
Na+, Mg2+, and Ca2+. Ammonia from the substrate can be
removed using two physical–chemical methods: air striping
and chemical precipitation (Kabdasli et al., 2000).

Heavy metals, including iron, copper, zinc, nickel, and
cobalt, are usually present in significant concentrations in
sewage and sludge. Heavy metals existed in the anaerobic
systems in many physico-chemical forms, such as carbonate
and hydroxides, sorption to the solid fractions, precipitation
as sulfide, and formation of complexes in solution produced
during digestion. Heavy metals are usually not biodegradable
and can accumulate to concentrations that potentially inhibit
the ADs. However, metal inhibitory effect can be reduced by
the presence of hydrogen sulfide as heavy metals react with
sulfide to form insoluble metal precipitates (Bitton, 2010).

Un-ionized sulfide is required by the methanogens as a
source of sulfur, whereas its high concentrations (above
150–200 mg/L) are inhibitory for the AD process (Speece,
1996). Sulfide inhibitory effect has also been reported to
be highly dependent on pH, as diffusion through the cell
membrane is faster for un-ionized sulfide than the ionized
one (Koster et al., 1986).

High TS contents (>40%) inhibit methanogens (Tekin and
Dalgic, 2000; Carucci et al., 2005). Inhibition mainly occurs
as a result of the reduced contact area of the microorganisms
with the substrate source. If the TS content in the system
is too high, water addition is needed to decrease the TS
content. Various less water-soluble organic compounds are

also reported to inhibit the AD processes, including alkyl
benzenes, nitrobenzenes, phenols, alkanes, alcohols, ethers,
ketones, aldehydes, carboxylic acids, amines, nitriles, and
amides. Surfactants and detergents could also adverse the AD
process (Chen, Cheng, and Creamer, 2008). If the feedstock
contains those inhibitors, it is important to adapt the bacteria
through acclimation. Acclimation can be achieved in the T-
PAD by gradually increasing the substances content (TS) in
the mixture. The bacteria will adapt to the inhibitors more
easily in a lower TS content mixture. Gradually increasing
the TS content will not only increase the tolerance of
the bacteria but also enhance the biodegradability of those
inhibitors (Chen, Cheng, and Creamer, 2008).

The light metal ions including sodium, potassium,
calcium, and magnesium are present in the influent of
anaerobic digesters. While moderate concentrations of those
metal ions can stimulate AD process, excessive amounts will
slow down or even inhibit microbial growth. The inhibitory
effects of light metal ions can also be eliminated using
acclimation.

3 BIOGAS CHP SYSTEM

3.1 Overview of the CHP system with biogas

CHP generation is an integrated system that generates elec-
tricity or mechanical power and useful heat simultaneously
from a single energy source (Horlock, 1987). Figure 7 shows
a diagram of a CHP system using a gas engine fuelled with
biogas generated from T-PAD. The biogas produced from T-
PAD is combusted in gas engines to produce power and the
remaining heat from exhaust gas and engine cooling system
can be further used for heating purposes.

The CHP technology is suitable for use in the distributed
generation (DG) system, which is small-scale power gener-
ation (typically in the range of 1 kW to several hundred
MW) to provide alternative to or an enhancement of the
conventional electric power system. The location for the CHP
system is usually built on sites near end-users. Therefore,
the investment on the establishment of long transmission and
distribution lines is not needed and the energy loss during
the transmission is avoided, leading to a higher overall effi-
ciency and thus lower pollutant emissions especially green-
house gases (GHGs). The CHP system with gas engines
usually has relatively low capital investment and operating
cost (Petchers, 2012), particularly for small-scale power
generation plants (smaller than 5 MW; IEA, 2008). For the
application of T-PAD in rural community, gas engines also
offer advantages, including high fuel flexibility, easy opera-
tion and maintenance, and high reliability, over other prime
movers, such as gas turbine (IEA, 2008).
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Figure 7. A CHP system of the utilization of biogas produced from T-PAD.

Worldwide, there are numerous pilot, demonstration, and
commercial operations of AD biogas-based CHP plants,
some of them using gas engines, and some examples are
listed in Table 6. However, all of these commercial CHP
plants are based on the conventional single-phase AD
systems and, to the authors’ best knowledge, there are no
commercial two-phase-AD-based systems.

3.2 Requirements of the biogas from T-PAD for
gas engines

Gas engines for power generation use natural gas as the
preferred fuel but can be easily configured to run on biogas
from T-PAD. In order to do so, the following main two
factors need to be considered.

The hydrogen content in the biogas has to be controlled in
a certain value, usually ranging from 10% to 25% (Kirillov
et al., 2012). Conventional biogas, containing methane and
a high proportion of CO2, has low energy density, narrow
flammability range, slow burning rate, and high ignition
temperature as shown in Table 7. The hydrogen in the biogas
can promote biogas ignition, increase thermal efficiency,
and reduce unburned hydrocarbons and CO of gas engines
(Akansu et al., 2004). However, on one hand, such promotion
effect was not significant when the H2 content is less than
10% (Akansu et al., 2004). On the other hand, more than 25%
H2 by volume in the biogas will significantly lower heating
value of the biogas per unit volume and result in engine
knock (Akansu et al., 2004). The content of H2 in the biogas

from T-PAD can be easily adjusted as the hydrogen and
methane productions in the T-PAD are from two separated
phases and the production rate of the two gases can be
individually controlled by either biological or engineering
approaches such as by controlling HRTs of the first and
second phases of T-PAD for desired hydrogen and methane
production rate (Seol et al., 2011; Liu et al., 2013).

The gas engines need filtration devices to remove the
impurities contained in the biogas. Gas engines usually can
tolerate different gases; however, the contents of the impuri-
ties, mainly hydrogen sulfide (Petersson, 2013), in the biogas
need to be controlled through a cleaning process, so that the
subsequent combustion of the biogas in gas engines does not
cause corrosion and damage to engines and the environment.
H2S in biogas should be removed for gas engine application
as it will react with water vapor to form sulfuric acid, which is
very corrosive to engine components. H2S is also considered
toxic when its concentration is higher than 1000 ppmv. The
gas can be utilized in the gas engines without purifications
if the content of the sulfur in the gas is less than 1000 ppmv
(Petersson, 2013). There are a variety of H2S removal tech-
nologies that have been used in industry. Those methods
include (Chen et al., 2010) (i) using activated carbon to
catalytically convert H2S to elemental sulfur; (ii) using water
or iron salt solutions or NaOH to scrub H2S; (iii) using iron
oxide to convert H2S to iron sulfide; (iv) applying membrane
to remove H2S; and (v) using anaerobic bacteria to digest or
metabolize H2S, known as biofiltration. The concentrations
of other traces of impurities, including ammonia, chlorine,
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Table 6. Examples of commercial operations of CHP plants based on conventional AD biogas and gas engines.

CHP Plants CHP Unit Model CHP Unit Manufacturer Power Output (kW) Heat Output (kW)

Kraft Foods UK Production Ltd. Agenitor 306 2G® Cogeneration 250 265
Söbbeke Organic Dairy Avus 500b 624 700
Three Rivers Landfill Avus 1000c 1200 1196
Biocraft Nohra Avus 1500c 1560 1678
Jain Irrigation Systems Ltd. J316 General Electric 2× 834 N/A
Munich City Estates 6R20.1BO SCHNELL 250 220
Agrargesellschaft Kandelin GmbH 6R41.1BO 530 457
North British Distillery ENER-G 500B ENER-G 506 490
Farms Cremona MTU 12V400 MTU Onsite Energy 282 N/A
GF-Bio-Energie Hasetal GmbH MTU 12V4000 1166 1300
Biogas Plant Géotexia TCG 2016 Caterpillar Energy Solutions GmbH N/A N/A
Mannheim Sewage Plant TCG 2020 N/A N/A
TEG Biogas N/A AlkaneBiogas 800 N/A
Green Hill Dairy Farm, Ireland Alfagy B500 ALFAGY 430 N/A
Wettesingen Bioenergy Village Vitobloc 200 VIESSMANN 900 2600

Table 7. Compositions and properties of H2, CH4, natural gas, conventional AD biogas, and T-PAD biogas.

H2 CH4 Typical Natural Gas Typical Conventional
AD Biogas

T-PAD Biogas

H2 (vol %) 100 N/A N/A 0.5 10–25
CH4 (vol %) N/A 100 90–98 55–75 60–65
CO2 (vol %) N/A N/A 0.1–2.7 25–45 15–30
C3H8 (vol %) N/A N/A 0.6–6.5 N/A N/A
C4H10 (vol %) N/A N/A 0.2–3.1 N/A N/A
C5H12 (vol %) N/A N/A 0–0.1 N/A N/A
C6H14 (vol %) N/A N/A 0–0.08 N/A N/A
C7H16 (vol %) N/A N/A 0–0.01 N/A N/A
N2 (vol %) N/A N/A N/A 0–5 0–5
O2 (vol %) N/A N/A N/A 0–1 0–1
Others (H2S, NH3, Cl2, F2, siloxanes) (ppmv) N/A N/A 0–100 0–100 0–100
Density at standard condition (kg/m3) 0.09 0.71 0.6 1.02 0.8
Flammability limit in air (% vol.) 4–75 5–15 5–15 7.5–14 N/A
Ignition temperature (K) 858 918 918 923 N/A
Mass lower heating value (MJ/kg) 120 50 54 17 27
Octane number >130 107 ∼100 130 ∼130
Methane number 0 100 ∼80 124–150 100–124
Stoichiometric air-to-fuel ratio 34.2 17.19 ∼17 ∼12 ∼11

fluorine, and siloxanes, also need to be controlled. They can
be removed by absorption on a liquid medium (Chen et al.,
2010).

4 PROCESS INTEGRATION FOR CHP
SERVICES IN REMOTE
COMMUNITIES

The design of a CHP system using gas engines fuelled with
biogas must be in accordance with a range of technical spec-
ifications, emission regulations, costs, and other considera-
tions. Therefore, it is essential to consider how to integrate

each part to form a complete installation of a CHP system in
remote communities as presented in Figure 8.

As illustrated in Figure 8, the integration steps include the
following:

1. Feedstock preparation and pretreatment: Preparing the
feedstock into a physical form that is suitable for smooth
handling and operation of the T-PAD process. This
normally includes removal of impurities, size reduc-
tion, and mixing. In addition, nutrients availability check
and subsequent nutrients adjustment provide sufficient
substrates for the microorganisms.

2. Fuel generation system: The next step in the design of
a CHP system is to choose the most appropriate T-PAD
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Figure 8. Integration steps of a CHP system fuelled with T-PAD
biogas.

reactors to generate the biogas. The biogas should have
a certain heating value and the appropriate composition
to be burned in a gas engine considering the requirement
of efficiency and emission regulations.

3. Fuel supply system: A fuel supply system must provide
the gas engines with the required quantity of fuel at the
right temperature and pressure, so that the gas engines
can be operated continuously. It is also known that the
composition of the biogas is changing due to the nature
of the feedstock, so that the fuel supply system must be
capable of changing from one fuel to another without
shutting down the system. The fuel has to be cleaned
if the water and impurities concentrations in the gas are
too high. The fuel supply system may need a compressor
to increase the fuel supply pressure to the gas engines.
Many gas engines require a gas supply at up to 5 bar and
normally small fan-based compression units are suitable
for this type of application.

4. Gas engines and electrical generator: The gas engine
and electrical generator are the core of the CHP system.
The selection of the gas engine and electrical generator
depends on the required heat and power outputs, fuel
efficiency, physical size, capital, operation, and mainte-
nance costs.

5. Heat recovery units: The heat recovery unit is located
downstream of the gas engine exhaust and/or integrated
with engine cooling system. An appropriate control
mechanism should be applied between the gas engine

and the heat recovery units, so that the heat input and
output can be controlled. The recovered heat is used for
controlling the temperature of T-PAD.

6. Exhaust system: The exhaust gases from the engine
outlet will be released to atmosphere. Appropriate
ductwork and chimney has to be designed to ensure
the correct velocity and temperature of gases at
the discharge point and keep the pressure loss to a
minimum.

7. Water treatment plant: A CHP system will use a large
amount of water, which should be treated to improve its
purity and to avoid problems associated with corrosion.

8. Electrical supply: A CHP system requires a supply of
electrical power for it auxiliary service equipment such
as pumps, fans, compressors, lighting, and ventilation.
The electrical supply from the CHP system itself should
be backed up by an emergency generator, which will
provide security in an event of system failure.

5 A CASE STUDY: T-PAD PROCESS
DEMONSTRATION UNIT (PDU) AT
CENTRE FOR ENERGY, THE
UNIVERSITY OF WESTERN
AUSTRALIA

T-PAD of organic feedstock has been performed by various
groups but most reactors were used as laboratory-scale exper-
iments with reactor sizes less than 1 m3 (Hafez et al., 2010;
Cavinato et al., 2011; Ueno, Fukui, and Goto, 2007a; Ueno
et al., 2007b) and the experiments were mainly used for the
feasibility of two-phase AD scale-up. However, there are no
operational commercial or pilot-scale plants for the T-PAD
process for hydrogen and methane productions.

The Centre for Energy (CFE) of the University of Western
Australia (UWA) has built a PDU of T-PAD. The PDU is
designed to demonstrate that the production of hydrogen-
enriched biogas can be utilized in gas engines to produce
CHP for remote communities. The knowledge and exper-
imental results from the T-PAD PDU will be used as a
guidance to build a T-PAD design toolkit. The toolkit is
aimed to provide systematic and comprehensive instructions
to customers of all communities who want to build a T-
PAD process to utilize organic wastes. With the assistance
of the toolkit, the customers can easily evaluate the feasi-
bility of their feedstock to be used in T-PAD to produce high
quality biogas and find the most suitable design of the T-
PAD system to utilize their feedstock. The artistic diagram
of the T-PAD PDU at the CFE of UWA is shown in Figure 9.
The PDU is best operated at a semi-continuous process and
the gas is produced continuously while the feedstock is fed
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Figure 9. A photo of the T-PAD PDU at the Centre for Energy,
UWA. Source: Photograph reprinted with permission. © D. Zhang.

at a daily basis. To optimize the yield and composition of
biogas, the operation conditions of each reactor must be
controlled. The PDU has been run successfully to produce
biogas containing methane and hydrogen during the commis-
sioning and trial run.

The PDU consists of sections of physical preparation
of feedstocks, biochemical reaction of two-phase AD
processes, storage units of the biogas produced from organic
wastes, and a gas engine for power generation. The organic
waste with particle sizes bigger than 2 in., such as a green
waste, undergoes a size reduction process in a mill. The
waste is then fed into a storage tank to be mixed with other
feedstock if necessary, such as an animal dropping or waste
water sludge and water before being pumped to the first AD
reactor. Hydrogen is produced from this AD reactor; the
effluent from the first AD reactor is pumped to the buffer
tank to adjust its condition, such as pH, before being fed to
the second AD reactor. In the second reactor, methane is
produced. Both gases are stored in storage bags for further
utilization to generate CHP. The effluent from the second
reactor is pumped to a discharge tank, which can be used as
an organic fertilizer with or without further treatment.

The PDU has a total working volume of the first reactor
and the second reactor of 150 and 500 L, respectively. The
first phase for the hydrogen production of the T-PAD is
operated at a shorter HRT, which is between 3 and 5 days.
The process occurs in an acidic condition and the optimum
pH for the process is between pH 5 and 6. During this
process, organic wastes are digested by hydrogen-producing
bacteria to produce VFAs, hydrogen, and carbon dioxide.
Removing products (H2 and CO2) from the reactor leads to
more VFA being accumulated in the system and reduces the
pH to below 5. As the hydrogen-producing bacteria could

not stand in a very low pH, it is important to maintain
the suitable pH level for the bacteria to survive. A suitable
organic loading rate can be chosen to stabilize the pH level
at the first stage.

The effluent from the first reactor is at low pH (between 5
and 6). From the operation of the T-PAD PDU, the methano-
genesis process is best achieved at pH 6.5−8. Therefore,
adjusting and stabilizing the pH of the effluent from the first
reactor via a buffering stage is very important.

The adjusted effluent from the first tank which is rich in
VFA is then pumped into the second reactor, in which it is
used effectively by the methanogens for methane production.
However, the methanogenesis phase is slower than the acido-
genesis process. In order to accommodate the shorter HRT of
the first phase, the second phase takes place in a much bigger
reactor. The bigger size of the second-phase reactor is to keep
the HRT at about 12–15 days.

The yields of hydrogen and methane in the first and second
reactors, respectively, depend on several operation condi-
tions, namely, type of feedstock, temperature, operation pH,
organic loading rate, and HRT. To control the temperature
of the process, the PDU unit is equipped with heating and
cooling water systems. The temperatures in first and second
reactors can be controlled and adjusted by flowing hot or cold
water. The buffer tank in the PDU is used to bring the low pH
(about 5) of the effluent from the first tank to the high pH for
the use in the second tank (>6.5).

If the PDU is fully operated and fed with a mixture of green
waste and animal dropping at a C/N ratio of 25, and the total
VS of the feedstock controlled at 50 g/L with the pH of the
first and second reactors at 5 and 8, respectively, the PDU
can generate approximately 3 m3 of biogas daily. The biogas
comprises approximately 60% CH4, 10% H2, and 30% CO2.

6 SUMMARY

A T-PAD process separates the conventional AD process
into two phases. The H2 and CO2 are produced in the first
phase and the effluent is fed to the second phase, in which
the CH4 and CO2 are produced. The two gas streams from
the two phases are then combined to form a H2-enriched
biogas, which has a better ignition quality to be used in
gas engines than the conventional AD-derived biogas. After
being cleaned up to remove impurities, the biogas from
T-PAD can be directly utilized in gas engines for CHP
generation. The T-PAD coupled with gas engines can be a
leading technology for providing electricity and heat energy
as it offers better feedstock handling, more biological and
engineering control options, and higher quality of biogas,
especially for the remote and rural communities. A PDU of
the T-PAD was built at the Centre for Energy of the UWA
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and has shown technological feasibility of the production of
hydrogen-enriched biogas from T-PAD that can be used in
gas engines.

NOMENCLATURE

AD Anaerobic digestion
CHP Combined heat and power
C/N Carbon to nitrogen ratio
COD Chemical oxygen demand
C/P Carbon to phosphorus ratio
DG Distributed generation
GHG Greenhouse gases
HRT Hydraulic retention time
IC Internal combustion
kW Kilowatts
MW Megawatts
PDU Process demonstration unit
T-PAD Two-phase anaerobic digestion
TS Total solid
VFA Volatile fatty acid
VS Volatile solid
VS/TS Volatile solid to total solid ratio
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