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ITINERARY 
 

Supplementary to this report, a diary summarising each of the site visits below and travel narrative for the 
Churchill Fellowship can be found at www.brendaparker.wordpress.com. 

 

COUNTRY SITE VISIT DETAILS/TOPICS COVERED 

Mongol ia Boroo Gold Gold mining and site restoration.  

 Dept for Mining, Mongolian 
Government 

Meeting to discuss environmental data and 
approaches for corporations vs artisan miners. 

 National University of Mongolia, Dr 
Soninkhishig Nergui 

Biodiversity and biomarkers for pollution. Water 
governance. Research related to bleaching of metals 
for mining industry. 

China Baotou Heavy industry and mining waste, water pollution. 

 Tsinghua University (TASML) Workshop on design and biotechnology. 

 Tsinghua University Meeting with Professor Qu on microalgal biofuels 

 HJXF/CERIA Meeting with Chinese Industry Alliance on 
Remediation 

 CSD Water Service Meeting to discuss models of operation for 
wastewater treatment and examples of projects. 

 Blacksmith Institute, Ms Leyan 
Wang 

Introduction to the work of the Blacksmith Institute 
and Global Inventory Project 

 BCEG Discussion and examples of groundwater 
remediation projects in China. 

 Changzhou University / Lake Tai Presentation of research work at Changzhou 
University and site visit to Lake Tai pumping station 
where algal blooms harvested. 

 Greenstone NGO, Nanjing Meeting to discuss activism and work with industry 
on pollution in Jiangsu province. 



 

 Page 5 

COUNTRY SITE VISIT DETAILS/TOPICS COVERED 

 Guilin University of Science and 
Technology 

Visit to Sino-Japanese membrane research facility on 
wastewater treatment. 

 Kunming, YEDI, Lake Dianchi Visit with NGO and government researchers to 
discuss methods for lake restoration. 

India Symbio Greentech, Kolkata Meeting with entrepreneur developing 
bioremediation technology for fly ash. 

 Centre for Environmental 
Education, Kolkata, Mrs Reema 
Banerjee 

Meeting to discuss previous bioremediation projects 
and educational initiative related to food waste. 

 Kanpur, Ecofriends NGO, Dr 
Rakesh Jaiwal 

Tannery waste and chromium in irrigation water.  

 Central Pollution Control Board, 
Lucknow. Dr RK Singh 

Bioremediation of chromium project in Kanpur. 
Regulatory aspects of industrial wastewater. 

 Blacksmith Institute, Delhi, Mrs 
Promila Sharma 

Meeting to discuss previous site restoration projects 
and inventory of pollution. 

 Kadam Consultants, Delhi and 
Vadodara 

Meeting to discuss how sites are characterised and 
the evidence collected for nationwide inventory 
program. 

 Concept Biotech, Vadodara, Dr 
Suneet Dabke 

Site visit to vermicomposting operation and 
discussion of projects using vermicompost for heavy 
metal remediation. 

 Vadodara, Mr Rohit Prajapati Environmental activism, site visit to area 
contaminated with chemical plant waste. 
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INTRODUCTION 
 

REPORT IN CONTEXT 
 

According to the Global Alliance on Health and Pollution, 8.4 million deaths in 2012 could be attributed to 
pollution, making it the leading cause of death in low and middle income countries, far more than malaria, HIV 
and tuberculosis combined1. Calculating the number of people worldwide affected by pollution is a difficult 
task, due to the wide-ranging health problems associated with contaminated air, water or soil. Estimates of the 
number of people exposed to toxic pollution is well over 1 billion.  
 
Concept of outsourcing pol lut ion - re levance to the UK 
 
While the manufacturing sector in the UK is in decline, our hunger for goods and raw materials continues 
unabated. The outsourcing of manufacturing transfers the concomitant carbon emissions associated with 
production, a fact recognised by the IPPC. Many industries associated with imports are high polluters, for 
example manufacturing of chemicals, fertilisers, textiles, electronics along with mining and mineral ore 
processing. Our pollution footprint is huge. 
 
Towards a global pol lut ion footpr int for products? 
 
While individual countries are responsible for setting limits and monitoring pollution, there is often a mismatch 
between environmental standards in the country of production versus the country where goods are sold. 
Manufacturing is often outsourced to places where the cost of labour and land are cheaper, or the 
requirements for effluent or emission treatment are slack, thus saving on remediation technologies. The nature 
of global supply chains reflects the shared ownership of soil, water and air pollution. Few companies seek to 
implement the standards for manufacturing found at home, with notable exceptions to this rule such as 
Volkswagen and BMW who implement stringent zero waste standards in their overseas operations. 
 
In future we may see an approach to consumer labeling which describes carbon footprints or water use in an 
attempt to guide customer choice towards more sustainable options. Previous attempts to do this for food 
have been abandoned, with cost, complexity and variability cited as reasons2. While labeling may mean that 
we are more informed, evidence suggests that this is confusing, and subsequently can lead to an 
overwhelming amount of data for the consumer to process, who in the end may feel it is redundant. 
                                                
1 Based on WHO statistics total deaths from HIV are 1.5 million; malaria 0.6 million and TB 0.9 million 

2 For example, Tesco http://www.theguardian.com/environment/2012/jan/30/tesco-drops-carbon-labelling 2 For example, Tesco http://www.theguardian.com/environment/2012/jan/30/tesco-drops-carbon-labelling 
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The alternative may be to implement global standards for manufacturing, recognising that pollution can no 
longer be “outsourced”�and that populations living in the vicinity of sites that produce toxic waste are 
becoming increasingly concerned about their health. One example of this is the closure of a Paraxylene plant 
in China due to public outcry3. Protests at such plants have garnered global attention. Choice editing seems 
like a more productive way forward, thus placing the responsibility with industry and the supply chain to only 
use raw material providers or manufacturers who exercise environmental compliance. 
 
Whilst recognizing that there needs to be a move towards cleaner and more sustainable manufacturing 
processes, this project seeks to address the challenges of clean-up from current industry and legacy sites. To 
illustrate this, my Churchill Fellowship focused on three countries integral to global manufacturing and supply 
chains: 
 
Mongol ia 
 
Highly dependent on the mining industry, Mongolia relies on abundant natural resources of copper, gold and 
rare earth metals for income. The mining industry accounted for 18.5% of the GDP in the first half of 2014, 
according to Bank of Mongolia statistics. Domestic and foreign majors/companies own the country’s mines 
including Mongolia Energy Cooperation, Centerra (Canadian) and Rio Tinto (British-Australian).  
 
The Oyu Tolgoi mine in southern Mongolia is one of the largest deposits of its kind in the world, with estimated 
copper reserves of 13.1 million metric tons (Mt) and about 1 million kilograms of gold according to the US 
Geographical Survey4. Oyu Tolgoi, otherwise known as Turquoise Hill, is owned by Rio TInto. One ongoing 
environmental issue is the demand for water for such operations, especially in the Gobi region where 
groundwater sources are limited. Most of Mongolia’s water supplies are located in the north, and act as 
tributaries to Lake Baikal in Siberia. Therefore, any plans for water diversion to satisfy the needs of the mining 
operation have not only local implications relating to habitat threats due to declining river levels but 
international governance issues.  
 
Gold deposits are frequently associated with arsenic, and acid mine drainage is a potential source of heavy 
metal pollutants. At Boroo Gold, the statistics showed that the contaminants present in the tailings pond were 
within acceptable limits, however on a site tour it was observed that there was a substantial water body at the 
base of the open mine. 
 
 

                                                
3 http://www.bbc.co.uk/news/world-asia-pacific-14520438 

4 USGS Minerals Handbook 2012 http://minerals.usgs.gov/minerals/pubs/country/2012/myb3-2012-mg.pdf 
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The informal mining sector, carried out by artisan miners coined “ninjas”, is also cause for environmental 
concern. It is estimated that there are between 30,000-100,000 artisan miners in the country (population of 
Mongolia is approximately 3 million), therefore illegal operations constitute a major source of income for a 
substantial proportion of the rural population5. While the use of mercury for gold purification has been banned 
by the Mongolian government, the clandestine use of amalgams continues in small scale operations. During 
the purification process a mercury vapour is created and this process may be carried out over a domestic 
stove in the home. Biomonitoring studies on women suggest that levels of mercury are elevated in those 
directed involved in artisan mining, and those who are not, due to environmental exposure (Steckling et al., 
2011). Efforts to improve the health of the Ninja miners and their families have been led by non-governmental 
organisations (NGOs), including initiatives to convert them to Borax-based processes for purification.  
 
 
 
China 
 
The world’s largest economy and a global powerhouse, China has built a strong manufacturing sector by 
outcompeting other countries on production price.  China became the world’s biggest merchandise trader in 
2013, with imports and exports totalling US$ 4,159 billion. According to the World Trade Organisation, China 
recorded a trade surplus of US$ 259 billion, 2.8 per cent of its GDP6.   
 
By mobilising a large labour force, and securing access to cheap raw materials, the country has sustained 
impressive economic growth for the past three decades, largely driven by the manufacturing industry. China is 
now the second largest export partner to the UK: 8% of our imports come from China: mainly manufactured 
goods such as textiles, electronics, machinery and chemicals.  
 
While economic growth has surged the implementation and compliance of environmental regulations by 
industry has lagged behind or neglected for fear of impeding profits. The consequences of this are now being 
felt as environmental degradation continues despite a regulatory framework to curb pollution. A recent survey 
of soil pollution in China stated that 19.4% of arable land sampled exceeded pollution limits. Cadmium, lead, 
nickel, zinc, arsenic and mercury were amongst the most common heavy metal pollutants. Organic pollutants 
such as DDT or Polycyclic Aromatic Hydrocarbons (PAH) were also found at severe levels at a number of 
sites7. Water quality is also in decline, with Xinhua reporting 60% of groundwater sources are categorised as 
                                                
5 
http://www.unep.org/chemicalsandwaste/Portals/9/Mercury/Documents/ASGM/Formalization_ARM/Case%20Studies%20Mongolia%20J
une%202012.pdf 

6 https://www.wto.org/english/res_e/statis_e/its2014_e/its14_highlights1_e.pdf 

7 Original report in Chinese, but an infographic of the report findings can be viewed at http://blogs.scientificamerican.com/guest-
blog/2014/06/18/soil-pollution-in-china-still-a-state-secret-despite-recent-survey/ 
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“poor”�or “very poor”8. Pollution from industry or agriculture is cited as the cause with levels of iron, 
manganese, fluoride, nitrites, nitrates, ammonium and heavy metals exceeding safe limits. Pesticide residues 
and chemicals from pharmaceutical production may be present as well. 
 
Air pollution caused by coal-fired power plants is estimated to cause 1.2 million premature deaths per year in 
China, according to the Lancet’s Global Burden of Disease study9. The financial cost of environmental 
degradation was estimated at $230 billion in 2010, or 3.5 percent of the nation’s gross domestic product at 
that time due to effects on health and ecosystem degradation10.  During my stay in Beijing for the Churchill 
Fellowship, the Air Quality Index reached 360 due to high levels of PM 2.5 (air particulates considered 
hazardous to health). Pollution was tangible as visibility in the streets was limited to a few metres. This forced a 
shutdown of heavy industry operations in nearby provinces in an attempt to ameliorate air quality ahead of the 
Asia-Pacific Economic Conference. 
 
India 
 
An emerging economy and one of the BRIC countries (an acronym for the combined economies of Brazil, 
Russia, India, China and originally coined in 2003 by Goldman Sachs, which speculates that by 2050 these 
four economies will be the most dominant.) India is looking towards competitive manufacturing to sustain 
economic growth. The country is also undergoing an immense social shift, for example a decline in agriculture 
and a booming service economy is now creating a growing middle class. 
 
A systematic evaluation of India’s environmental regulations and their effects has been carried out11. The 
findings suggest that while air quality has improved, water pollution has actually become worse. Environmental 
regulation and monitoring started in earnest with the formation of the Central Pollution Control Board (CPCB) 
to enforce the Water Act of 1974. However, compliance with regulations has been low due to the over 
ambitiousness of laws, weak enforcement, poor monitoring, lack of punitive measures, paucity of funds and a 
desire for states to attract industry by offering fewer environmental barriers to operation12. Despite identifying 
these factors in 2003, similar reasons have been cited by those interviewed in my fellowship (see blog and 
next section on barriers to clean-up). Decades of effectively unregulated dumping of industrial waste have left 
a huge legacy of clean-up to be done.  
                                                
8 http://news.xinhuanet.com/english/china/2014-04/22/c_126421022.htm 

9 http://www.thelancet.com/global-burden-of-disease 

10 As reported in the New York Times, citing an official Chinese study:  http://www.nytimes.com/2013/03/30/world/asia/cost-of-
environmental-degradation-in-china-is-growing.html 

11 http://web.mit.edu/ceepr/www/publications/workingpapers/2011-014.pdf 

12 Factors identified in an analysis in the International Journal of Business and Economics in 2003: 
http://www.ijbe.org/table%20of%20content/pdf/vol2-1/vol2-1-02.pdf 
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A lack of effective effluent or sewage treatment infrastructure means that stretches of a number of rivers are 
highly polluted, 70% per cent of its surface water resources are contaminated by biological, toxic, organic, and 
inorganic pollutants. Out of 26,500 million litres per day (MLD ) of sewage from Class-I towns and cities and 
Class-II towns treatment capacity exists only for about 7,000 MLD (26%). Out of 271 Sewage Treatment 
Plants inspected by CPCB only 150 (55%) were complying with the relevant standards. Groundwater is also 
affected by salinity, iron, fluoride, and arsenic in over 200 districts spread across 19 states13. During my 
Churchill Fellowship it was observed that stretches of the Ganges adjacent to Kanpur were heavily polluted 
with tannery waste and sewage to the extent the river was effectively dead.  
 
In addition, a substantial informal economy persists such as the unregulated recycling of e-waste and lead 
batteries. Children are often found to be dismantling and burning electronics or batteries to retrieve raw 
materials with little or no consideration to safety, health or the environment. Much of the e-waste generated in 
Europe ends up in China or India14.  
 

Linking lab and field 
 

Why bioremediat ion? 

The UN Report on Water and Human Health15 had highlighted the potential for “Ecosystem Biotechnologies” 
to contribute to achieving the Millennium Development Goals. Anthropogenic activity has created a number of 
threats to water security, and biological systems are viewed as a potentially simple and ecologically sound 
means of restoring ecosystems degraded due to deliberate or accidental release of pollutants.  

Mechanisms for site clean-up include physical, chemical or biological. Microorganisms have evolved numerous 
mechanisms for detoxification and even respiration of pollutants. These can be employed in instances where 
physical or chemical methods may be limited, or inappropriate. The technology is not new, having been first 
applied for degradation of petroleum spill in the US in the 1970’s16 and laboratory research has demonstrated 
that it can be applied against range of organic and inorganic compounds since then. 

Techniques for the use of plants or microorganisms for remediation fall into several categories: 

                                                
13 http://www.idfc.com/pdf/report/2011/Chp-19-Water-Pollution-in-India-An-Economic-Appraisal.pdf 

14 See report on waste prepared by UNEP for COP7 meeting http://www.grida.no/publications/vg/waste/ 

15 http://www.unep.org/gemswater/Portals/24154/publications/pdfs/water_quality_human_health.pdf 

16 See here for historical examples form the USGS http://water.usgs.gov/wid/html/bioremed.html 
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a) natural attenuation: allowing organisms present at the site to degrade or sequester the pollutant. 
Monitoring is performed to understand the fate and location of the contaminant, without any other 
intervention. 

b) in-situ bioremediation: techniques include bioventing, air sparging/biosparging, liquid delivery systems, 
alternate electron acceptors (anaerobic bioremediation), and phytoremediation. Conditions are 
manipulated to favour certain activities which convert pollutants to a more benign form. 

c) bioaugmentation: addition of microorganisms with specific metabolic capabilities to contaminated site, this 
may be done in addition to stimulating indigenous microbial populations to degrade organic contaminants 

d) ex-situ bioremediation: Material is removed (excavated or tankered) for treatment with microorganisms in 
bioreactors or other specialised conditions that cannot be created on site.  

 

Translat ing Research 

The number of academic research papers published each year with “bioremediation”�as a keyword is growing 
(Figure 1). While the fields of biotechnology and microbiology contribute greater understanding of biological 
detoxification and degradation, the subsequent translation of this research has proven more difficult. 
 

Figure 1: Number of academic publications per year citing “bioremediation”�as a keyword from 2000-2014.  

 

It is clear that either a better understanding of site-specific issues is required when designing bioremediation  
projects, and there is potentially a role for an organisation willing to bring technologies to the next stage of 
development. A parallel for this can be seen with OneWorld Health / PATH . The organisation picks up 
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research on development-related diseases which has been started by drug development companies, and 
subsequently shelved. Using philanthropic support they are developing vaccines, diagnostics and treatments 
for global health problems.  
Pollution poses an enormous threat not just to health, but to food and water security. Yet the realities of 
tackling this problem are complex. Solving pollution means confronting business as usual, and challenging 
accepted practices which have economic and political implications. It is precisely this nexus of issues that this 
fellowship seeks to comprehend. 
 

Purpose and aims of Fellowship 
The purpose of the Churchill Fellowship was to visit sites contaminated by anthropogenic activity, or 
organisations that have been working in this area and understand the following: 
 
a) What is the socioeconomic context that exists around contaminated sites and who is affected by pollution, 

and who would be responsible for clean up? 
b) where bioremediation had been used as an approach, what were the benefits or limitations? 
 
The aim was to 
a) evaluate the suitability of bioremediation for clean up of pollution, via visiting field sites 
b) produce a framework for designing a bioremediation pilot with the aim of improving current practice and 

improving the technology transition of projects with the goal of cleaning contaminated land or water by 
identifying barriers and criteria for the design of bioremediation projects.
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CASE STUDIES 
 

From the site visits I conducted, I have prepared a selection of case studies which illustrate the various 
challenges and approaches taken at different locations.  

 

Case study: Illegal dumping of Lindane, Uttar Pradesh 
Remediat ion tr ia l  in conjunct ion with the Centre for Environmental Educat ion (CEE), India 
 
In a state in Northern India, huge quantities of lindane sludge have been dumped. At first, the farmers loved it, 
helping themselves and spreading it around their crops to deter termites. Then cows started to get sick and 
people developed skin complaints. The villagers wrote off any link between the sludge and their health and 
efforts to intervene were met with distrust. CEE organised women and health clinics where they could subtly 
glean data and established cattle camps to talk to the men. Establishing a point of entry was crucial. The only 
way to enable change was to identify community motivators within the local people and make them part of the 
process- technological intervention would never have worked alone. 
 
Techniques like phytoremediation are dogged with the label of being expensive. The lindane incident was also 
the site of an academic pilot. Costs were high due to overheads associated with university. The priority for the 
pilot was to generate publishable data for the academics, and secondary to that was an implementable 
solution. When NGOs make their final report on technology recommendations for clean up the first things they 
consider are cost, complexity and maintenance and in this case the phytoremediation approach could not be 
recommended. 

Key Barriers: 
� Social 
� Political 
 

Key Criteria for Clean up: 
� Capital cost 
� Complexity 
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Case Study: Legacy of hemachemicals waste, Gujarat 
Remediat ion pending High Court Decis ion on l iabi l i ty 
 

Sludge from a hemachemicals plant in Vadodara was stored in a large pond adjacent to the factory. The land 
was subsequently built over. Works by the municipal authority revealed layers of chromium contaminated 
waste just below ground. The residents (Figure 2)  are awaiting the outcome of a High Court case to discover 
who will pay for clean up of the site. A water tank for drinking water for the vicinity is situated in the same 
location and there are concerns about contamination of the supply.  
 

Figure 2: Hemachemical contaminated soil excavated during pipe-laying works in Vadodara, India. Children are 
especially vulnerable to exposure through playing outdoors and ingestion of contaminated material.

 
Key barriers: 
� Political 
� Legal 
 
 
 
 
 

 
Key Criteria for Clean up: 
� Capital cost 
� Complexity 
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Case study: Eutrophication of Lake Tai and Lake Dianshi, China 
Clean up of a water body by local author it ies 

Figure 3: Algal blooms are collected at pumping stations around Lake Tai, China. Algae is flocculated, 
dewatered and supplied to farmers as fertiliser. 

 

Due to inadequate wastewater treatment works for municipal sewage and insufficient treatment of industrial 
effluent, both lakes now suffer from excessive algal blooms caused by excess nutrients in the water. 
Numerous point sources of pollution from small enterprises such as manufacturing, paper mills contribute to 
the problem. Difficulties arise as they claim wastewater treatment is too expensive and would force their 
businesses to close. The government has made some efforts to relocate industries to sector specific zones 
and install primary treatment plants for the effluent. Public pressure to clean up the lakes is growing as the 
blooms persist. Microcystins (toxins produced by cyanobacteria in the blooms) are harmful to livestock and 
humans who drink contaminated water. Numerous pumping stations around the lakes harvest the algae 
(Figure 3), and in the case of Lake Tai the material was dried and processed into animal feed or fertiliser. 
 
 

Key barriers: 
� Technical 
� Social 
� Regulatory 
 

Key Criteria for Clean up: 
� Efficacy 
� Scale up 
� Performance
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Case study: Goldmining tailing ponds and waste water, Mongolia 
Deployment of bio logical systems in mining operat ions 
 

Figure 4: Tailing ponds at Boroo Gold 

 
Frequently the occurrence of gold deposits is often correlated with arsenic-rich rocks. The process at Boroo 
Gold uses chemical treatment and a number of purification steps to reduce the amount of arsenic and cyanide 
from the process sent to the tailings pond. However, small quantities of gold may still exist in the wastewater, 
and the company is interested in an economically feasible way of retrieving them. 
A second mine is to be built near Boroo Gold using a biological technology for recovery of ore. For the new 
mine at Gatsuurt, the gold is “refactory”, that is to say, it is embedded in a coat of sulphide which makes it 
difficult to recover. The made the choice to implement a process known as BIOX –�biological oxidation. The 
bacteria operate at a pH of 1.2-1.8. with an exothermic reaction. 
While the process is relatively clean, the water collecting at the bottom of the mine has more potential to cause 
problems with high levels of arsenic and other minerals leaching from the excavated mine face - acid mine 
drainage.  
 
 
Key barriers: 
� Economic 
� Technical 

 
 

Key Criteria for Utilisation of Bioremediation 
� Efficacy 
� Scalability 
� Performance 
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Case Study: Tannery waste, Kanpur 
Chromium over loading of bio logical waste treatment. 
 
In 1986, the Ganga Action Plan (GAP) made a series of recommendations for Kanpur, which has had dramatic 
impacts on the water supplies. A barrage upstream of the city has cut the flow of the Ganges into 1/21 of 
what it was previously. At the moment, 50MLD is abstracted from the river for drinking water, and the 
government is seeking to take 1600MLD which will mean the river will slow to a trickle by the time it gets to the 
city.  
 
Kanpur has three waste treatment plants, which have a total capacity of 170 million litres per day (MLD), 
according to Rakesh Jaiwal of Ecofriends. 500 MLD of wastewater is generated, so there is already a serious 
shortfall. Infrastructure problems mean that only 100 MLD is actually reaching the sewage treatment plants. In 
terms of capacity for tannery waste, there is approximately 50 MLD of wastewater generated from this 
process, with a capacity of 9 MLD in Kanpur at centralised facilities. 
 
In the original GAP, tanneries were required to install primary effluent treatment, which would reduce the load 
on the subsequent sewage treatment plants. This has been implemented with various degrees of success. 
The Pollution Control Board states that more than a hundred tanneries that contravened this recommendation 
were shut down. However, it is clear that the levels of chromium pouring into the waste treatment plants are 
above safe levels.  The GAP intended that treated wastewater could flow out to villages via irrigation channels, 
and that this could be used by farmers to water crops. This made a big supposition: that the wastewater 
treatment upstream would be effective, and that accountability for ensuring this would be clear. Failure at each 
stage has a knock on effect. 
 
A technology known as Upflow Anaerobic Sludge Blanket (USAB) was chosen for secondary waste treatment 
at one of the three sewage works. It relies on anaerobic bacteria to degrade waste, and in theory producing 
methane which can be used to generate electricity and sludge for fertiliser. Lured by the promise of European 
co-funding and the new technology, the USAB plant was installed as part of the GAP. It was supposed to be a 
“low cost”�solution compared to conventional oxidation ponds which require a large surface area. 
 
Given that primary effluent treatment by tanneries is not happening to a sufficient standard the UASB plant 
cannot perform as intended as the bacterial consortia cannot tolerate the levels of pollutants entering the 
system. Aside from chromium, tannery effluent contains a cocktail of other chemicals: nitrates, sulphates, salt, 
lime, preservatives such as pentephenol, acids and dyes. The Dutch engineering firm commissioned to report 
on the plant stated that levels of sulphate were so high as to be toxic to the methanogens, and that tannery 
effluent had to be mixed at least 1:1 with domestic wastewater. Later studies have considered the technology 
a mistake, while acknowledging that high chromium is an issue. An independent study conducted by 
Ecofriends in 2002 with IIT Kanpur showed that levels of chromium VI in the irrigation water exceed 80 mg/L. 
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This study was highly controversial with government, who refuted the findings, and since that time IIT have 
been reluctant to publish further (R.Jaiwal, pers. comm.). 
 

Figure 5: Sewage water and tannery effluent flow through Kanpur and out towards irrigation channels. The 
water contains high levels of chromium and other chemicals from leather processing. 

 
While it is the most evident around the city wastewater is only part of the problem (see Figure 5). Most of the 
chromium actually ends up in the sludge produced by the tanneries. This sludge is taken offsite and dumped 
or buried. The chromium leaches from this into the groundwater. Chromium has a value, and can be reused. 
The reasons/excuses for this not being done vary - electricity supply issues, cost of equipment, smaller 
tanneries relying on centralised facilities that do not recover the chromium. Ecofriends explained that the 
designated sludge dumping areas are out of the city, and rather than transport the waste, some tanneries 
dump illegally around town. 
 
Proper epidemiological studies on the effect of the irrigation water and chromium contaminated groundwater 
have yet to be conducted in Kanpur. Evidence of long-term chromium poisoning is so far anecdotal or from 
small scale studies reporting stomach complaints, skin problems and reproductive problems in those who live 
nearby. Ecofriends showed me photographs of ulcers and sores caused by contact with the irrigation water. 
Poor health of livestock has also been documented with cattle dying early and birthing fewer calves. Farms 
and villages in this area suffer a social stigma, as their produce is considered contaminated. 
 
Key barriers: 
� Regulatory 
� Technical 
� Social 
 
 

Key Criteria for Utilisation of Bioremediation 
� Efficacy 
� Scalability 
� Performance 
� Evidence/field testing
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BARRIERS TO SITE REMEDIATION 
 

During site visits, I asked a range of stakeholders what were the key factors cited as potential barriers for 
remediation or waste management. While cost of remediation technology is often cited as criteria for 
technology selection (Hou, Al-Tabbaa, Chen, & Mamic, 2014) the unifying opinion amongst environmental 
groups that I interviewed is that funding is available but remediation is of a low priority compared to profit-
generating activities.  
 
By identifying barriers to clean up and understanding the key players / factors involved, bioremediation 
projects can be better designed to address these underlying challenges. Table 1 below groups these barriers 
into a number of categories. For example, as evidenced in the lindane case study in the following section the 
barrier to clean up was social rather than technical as locals were not initially concerned by the pollutant and 
were resistant to intervention. This was successfully dealt with in this case by identifying a point of entry (via 
women’s clinics or animal health) and providing education.  
In particular, academic projects which rely on pilot sites in contaminated areas should understand which of 
these factors has been acting as a barrier and address the root cause with the involvement of social scientists, 
NGOs, local government or advocacy groups. 

Table 1: Barriers to remediation, grouped by category 

CATEGORY BARRIERS 

Economic Technical solution requires too much capital 

 Technical solution requires too much operational expenditure 

 Owners of site/plant have declared bankruptcy or non-availability of funds from 
polluter 

 Funds available not sufficient for size of task, limit choice of technology or 
timeframe of operation 

 Concerns that expensive remediation / preventative treatment technology will 
reduce profit margins 

 Difficulty channelling CSR funding towards remediation as opposed to projects 
which generate positive publicity like toilet building or public health (India) 

Technical Capacity to remediate is affected by environmental factors or complexity of 
clean up 

 Lack of know-how or machinery 
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CATEGORY BARRIERS 

 Lack of access to information on what had been tried before, and outcomes. 
Negative or poor results not published. 

Political Sensitivities regarding location of pollution 

 Cross-border or international issues 

 Lack of leadership 

 Low priority or importance compared to other factors e.g. economic growth 

Legal Difficulties in assigning ownership of source of pollutant 

 Protracted processes to force clean up e.g. high court or tribunals with lengthy 
waiting times or weak powers 

 Difficulty or expense of pursuing legal action by victims 

 Aversion to admitting guilt or liability by industry - fear of subsequent claims 

Regulatory Lack of regulation, enforcement or adequate penalties to deter polluters 

 Poor environmental data or inadequate monitoring 

Social Lack of awareness linking health problems to pollutant 

 Obstruction by locals / security issues regarding site access 

 Lack of evidence to support reports of health problems or lack of 
epidemiological studies, long-term nature of chronic health problems 

 Corruption and bribery 

 No demand from supply chain, lack of awareness or complacency of buyers 
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CRITERIA FOR DESIGN OF BIOREMEDIATION 
PROCESSES 
 
Through the interviews, site visits and observations the following criteria for design of bioremediation 
processes were formulated, and these are collated in Table 2. Interestingly, the priorities of the various criteria 
change between different stakeholders involved in the remediation process. For instance, government bodies 
are primarily concerned with cost and complexity whereas environmental groups prioritise efficacy and the 
location of pollution.  
 
For companies operating in the bioremediation space a number of interviewees reported that a compromise 
between scope of clean up achievable and overall cost needs to be made. In the instance of the chromium 
contaminated site in Gujarat, vermitechnology was only deployed following an excavation of the topsoil to 
remove the most hazardous part of the waste. This material was to be transferred to a lined landfill, where the 
metal could not leach into groundwater. Ultimately the contaminated site could then be restored using 
bioremediation, as the burden of pollutants was reduced to make clean-up feasible in a reasonable timeframe. 
 
A final factor which was not mentioned in the site interviews was if the contaminant could have a value. During 
the workshops with designers (see next section) upgrading waste into something desirable or useful was 
considered to be important for completing the cycle. 
 

Table 2: Criteria for designing effective bioremediation processes 

Criteria Rationale 

Effectiveness and Efficacy Scope of clean up achievable. Quantifying the level of 
contaminant removal possible - will the selected 
technology reduce pollution below risk levels? 

Time on site Related to operational cost, complexity and manpower and 
allocation of resources. 

Capital Cost High CAPEX is harder to finding funding / authorisation 
especially if outcome is uncertain or technology has not 

been demonstrated. 

Complexity of equipment If equipment cannot be repaired in-situ, or requires specialist 
parts the likelihood of failure increases 
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Criteria Rationale 

Stability/monitoring required Preference for remediation technologies that can be 
monitored remotely, do not require long term. 

Displacement and ultimate location 
of pollution 

Is the contaminant sequestered, converted into a benign form 
or moved elsewhere? 

User factors If deployed by local people, does the technology require 
specific training or understanding and what is the margin 

of error in operation? 

Scaleability Point source versus diffuse pollutants may not be treatable by 
the same technology. 

Applicability / context specificity Related to robustness of process and how specific a 
treatment is for a particular contaminant 

Biological factors Related to context, how do other environmental factors affect 
biological agent e.g. presence of other contaminants, 

temperature, salinity etc. 

Additives required Preference for technologies that do not require further 
chemical addition. 

Performance compared to existing 
technologies 

Justification based on fair comparison with current practice 
and identification of clear benefits. 

Evidence / Field testing Demonstrable performance under similar conditions. 

 
 
 

 

Using these criteria, some bioremediation processes which reflected pollution challenges encountered on the 
Churchill Fellowship are summarized in Table 3, along with the requirements for translational research. 
 
 
 
 

 

Table 3: Translational research required for bioremediation of pollutants  
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Example of 
Contaminant 
identified during 
Churchill project 
site visits or 
interviews 

Current Approach Possible bioremedation 
approaches for clean-up 
or prevention 

Translational work on 
bioremediation required 

Textile dyes e.g. 
Azo dye 

Electro-chemical 
methods, ozone 
treatment, oxidation, 
flocculation.   

Use of isolated enzymes 
such as laccase (Saratale, 
Saratale, Chang, & 
Govindwar, 2011) 

Throughput, ability to deal 
with mixtures of azo dyes in-
situ, reliability of technology. 
Interference from salts or 
sulphur compounds. 
Retention times required. 

Heavy metal 
contamination in 
water 

Microfiltration, physic-
chemical methods such 
as precipitation. 

Immobilised bacteria e.g. 
Pseudomonads for mercury 
removal (Wagner-D�bler, von 
Canstein, Li, Timmis, & 
Deckwer, 2000)  

Demonstration of technology 
in-situ. Characterisation of 
interfering or inhibiting 
compounds. Lifetime and 
robustness of columns. 

Excess nitrate in 
groundwater 

Anion exchange plants 
are installed for drinking 
water sites.  

Use of microalgae to convert 
nitrate into biomass17. 

Reducing footprint of 
photobioreactors. Optimising 
growth conditions year-round 
when light and temperature 
may be limiting. 

Chromium in 
water/soil 

Soil contaminated with 
chromium is excavated 
and transferred to lined 
landfill sites. 

Bioremediation studies have 
looked at converting Cr (VI) 
to insoluble Cr (III) as a 
means of stabilising the 
contaminant .  

Longevity of treatment, 
likelihood of reverse reaction. 
Further work on bioadsoption 
for complete removal of 
contaminant. 

 

 

                                                
17www.enalgae.eu : Cambridge pilot plant work 
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FUTURE PERSPECTIVES  
 

 
DESIGN AND SCIENCE 
 

 

Taking a design-led approach (see diagram) 
is often a very effective way of guiding 
science and engineering research to develop 
systems which are user-centred. As outlined 
in the previous section, remediation systems 
often fail because they fail to consider the 
end users or their priorities. Involving design 
thinking at an early stage can often illuminate 
issues unforeseen by scientists or engineers 
or assist with communication of a 
technology. An example of this was given by 
CEE in Delhi, where a biofilter had been 
designed to remove heavy metal 
contaminants from water. Villagers relied on filling up water butts when supplies were operational. As the 
biofilters compromised flowrates, they were quickly discarded and therefore it was difficult to gain data on 
technical performance.  

At Tshinghua Arts and Science Media Laboratory (TASML) in Beijing, I conducted an afternoon workshop with 
PhD students in design. The aim of the workshop was to expose the designers to some examples of current 
research in bioremediation or environmental biotechnology, and asked them to formulate possible methods to 
incorporate the research findings into devices or systems. The three challenges are presented below, along 
with some of the outputs from the short brainstorming session.  

Feedback from the exercise was very positive; the students enjoyed tackling the real-life problems and were 
very curious to know more about the science behind the challenge. Clearly, having the scientists concerned to 
respond to these questions may have been helpful, however I was eager that the students should not be 
constrained by current technical abilities and instead concentrate on mechanisms to utilise the technology. In 
the optimum scenario designers set formats for utilisation, targets for performance or requirements for 
implementation which can then be fed back to the scientists concerned who can work on achieving this.  

I intend to develop this format further into a week-long project where students can prototype or mock-up 
potential remediation solutions.  
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Chal lenge 1: Land  

 
 
China generates as many as 100 million waste tires while the recycling rate is only about 10%. More cars 
on the road means even more tires go to waste. 
 
A bacterium called Nocardia nora has been discovered. It has the ability to degrade rubber: first into tiny 
crumbs, then into the chemical components. 
 
The process is slow, but with genetic modification it can be made faster. 
 
Can you imagine a process that uses this bacteria?  
 
What could we make from the degraded rubber? 
 
—————————————————————————————————————————————- 
 

Students Explored 
 
• Using the bacteria to degrade the rubber into crumbs which could be used as playground surfaces or 

incorporated into roads 
• Defining the chemical components and using these as starting material for further synthesis 
• An interesting avenue emerged: how to incorporate this form of recycling into behaviour, looking at 

incentives e.g. one new tire for one old one 
• Idea of objects with a biodegradable component that can be easily replaced rather than rendering entire 

object obsolete e.g. sensor watch that has a rubber strap 
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Challenge 2: Air 

 
 
 
In Beijing, there have been a number of episodes of hazardous air quality recently. For people living next to 
industrial zones there may be frequent occurrences of harmful compounds which could be dangerous if 
inhaled. 
 
Lichens (��) are seemingly simple, yet complex organisms. They consist of a microscopic algae and a 
fungus which live in consortium. They are very sensitive to pollution, and can change colour depending on 
atmospheric conditions. 
 
Can you imagine a biosensor that uses this ability?  
 
What could this sensor control, and how could it be used? 
 
————————————————————————————————————————————— 
 

Students Explored 
 
• Idea of using biological systems to convey messages: incorporating this into road surfaces so that high 

pollution zones and therefore car-free areas may be designated 
• Using these systems to create billboards as a means of independent information on air pollution (air 

pollution statistics are state-controlled) 
• Using various species that change colour over different time periods to create a legacy of information: 

people can see if air quality is improving or deteriorating. 
• Tamagotchi / personal pollution detectors 
• Biomessages to let people when it is safe to conduct outdoor activities 
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Challenge 3: Water 

 
 
Worldwide, the mining industry is responsible for huge amounts of water usage and pollution. The waste 
product is known as “tailings” and is captured in huge ponds. Quite often, valuable metals still remain in this 
waste, but it is difficult and expensive to recover these. 
 
Some organisms can tolerate extreme environments. For example, a species of microalgae, called 
Klebsormidium flaccidum have been shown to accumulate gold nano particles within their cells. 
 
How could we use this ability to either clean up wastewater or create new hybrid materials? 
 
————————————————————————————————————————————— 
 

Students Explored: 
 
• Creating robotic devices, possibly solar powered to skim over water surface 
• Using wind-powered “mills” which would pump water over/through a bioreactor containing the algae 
• Using the gold-containing algae to create electrical systems or harvesting the gold for specialist jewellery 

that would be attractive to consumers because of the environmental significance. 
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SYNTHETIC BIOLOGY AND BIOREMEDIATION 
 

Synthetic biology can be defined as the ability to rationally design biological circuits. With the growing 
availability of biotechnological tools, bioremediation has received a great deal of attention as a potential 
application for synthetic biology. Interest falls under three potential categories: biosensors, contained systems 
for controlled treatment or widespread release for in-situ remediation which are discussed below. Methods for 
containment of engineered organisms are summarised below in Table 4.  

Following the discussion of the applications for synthetic biology, I have selected from literature three synthetic 
biology approaches to bioremediation and their suitability for use in Mongolia, China and India is discussed in 
light of the Churchill Fellowship findings.  

 

Table 4: Methods of Containment for Synthetic Biology 

Methods of containment Description 

Physical containment Use of bioreactors, air filters and kill tanks to ensure that 
engineered bacteria do not exit facility. Use of impermeable barriers 
for soil treatment. 

Biological containment Use of knockout strains where cell cannot survive without a specific 
nutrient supplied in a controlled environment. 

Safety mechanisms In-built suicide plasmids, self-destruct mechanisms, 
use of non-natural amino acids 

 

 

1.  Biosensors 

Using synthetic biology to engineer reporter circuits capable of detecting trace levels of contamination has 
been successfully demonstrated for a number of contaminants such as arsenic, cadmium and lead. The use of 
simple reporter molecules, such as fluorescence or pigment production removes the requirement for costly or 
complex analytical equipment. The next stage, applying GM strains to biosensor devices has been attempted 
by the Arsenic Biosensor Collaboration which brings together scientists, engineers and designers to fabricate 
a cheap and practical device using a synthetic biology sensing circuit18.  

 

                                                
18 See here http://www.arsenicbiosensor.org/ 
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2.  Contained use 

Synthetic biology approaches have also been used to create strains that are capable of sequestrating heavy 
metals, or catalysing the formation of an insoluble form of the ion which is less labile. Again arsenic has been a 
focus here, for example E.coli cells have been engineered to express metallothionein to sequester As (III) and 
As (IV).  

For applied systems, the microbes are designed to be maintained in a contained vessel, potentially for pump-
and-treat. Again, the organisms may be engineered to be unstable upon release, or biocontainment strategies 
may be employed e.g. filtration followed by UV sterilisation of water to remove any cells from the treated water. 

3.  Widespread Release 

The final possibility for synthetic biology and bioremediation is the widespread release of strains which can 
sequester or convert pollutants to more benign forms. While biostimulation or bioaugementation has been 
applied at sites, previously, practitioners exercise caution when introducing a new strain to sites as the new 
organism may occupy a biological niche and proliferate, upsetting the ecosystem. 

The effect of engineered bacteria on an ecosystem is still not fully understood. If a strain is engineered to grow 
on a particular contaminant, the population may simply collapse once the nutrient is depleted. Horizontal gene 
transfer cannot be ruled out, or the proliferation of DNA via pollen or genetic recombination, enabling the 
engineered DNA sequence to become integrated into the genomes of other organisms. Our understanding of 
the effect of GMOs (Genetically Modified Organisms) upon ecosystems is still at a very nascent stage, which is 
reflected in stringent regulations for uncontrolled release of GM organisms in Europe.  
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Table 5: Synthetic biology approaches to pollution: examples and safety concerns 

 

Country Challenge Example of a 
synthetic Biology 
solution 

Suitability of technology. Safety 
concerns to be addressed 

Mongol i
a 

Detecting arsenic from 
acid mine drainage  

Arsenic biosensor Potentially a cheap and user-friendly 
device to monitor arsenic levels in the 
environment downstream of mining 
operations. This facilitates empowerment 
of rural communities. It would serve as a 
way of proving contamination if 
authorities were unable or unwilling to 
test. 
Synthetic biology in this context is not 
intended for widespread release, and in 
many cases, a system for self-
destruction is in-built if the container 
should be compromised. 
 

China Remediation of nickel 
and cobalt from 
wastewater (Duprey et 
al., 2014) 

Engineering E.coli 
to accumulate 
metal intracellularly 
via a novel 
transporter. The cell 
produces a 
polymer, meaning it 
adheres to surface 
rather than growing 
freely in solution 

This strain could act as a highly efficient 
biofilter. In a wastewater treatment 
scenario, there are a number of safety 
concerns. Firstly due to the presence of 
antibiotic resistance genes in the 
construct. If these could be eliminated, it 
would be preferable to minimise any 
horizontal gene transfer to other 
microbes in the environment. As the ions 
are accumulated intracellularly the GM 
organisms will need to be treated to 
destroy the cells and recover the metals. 
This would require skilled operation and 
compliance with biosafety standards to 
reduce risk of accidental release.  
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Country Challenge Example of a 
synthetic Biology 
solution 

Suitability of technology. Safety 
concerns to be addressed 

India Pesticide residues � 
degrading lindane in 
paddy fields(Chaurasia, 
Adhya, & Apte, 2013) 

Engineering 
Anabaena (a 
cyanobacterium) to 
produce an enzyme 
to degrade lindane 
for release into 
areas where there is 
low level 
contamination.  

Anabaena is a nitrogen fixing 
photosynthetic organism naturally found 
in paddy fields. By using a strain capable 
of fixing carbon by itself, there is no need 
to supply any other chemicals. This 
organism would be intended for 
widespread release into the environment, 
where it could potentially transfer the new 
gene for lindane degradation to other 
organisms. As it is associated with rice, a 
food crop, there may be restrictions on 
how this is used.  

 

 

 

Ethical dimensions to using synthetic biology for bioremediation 
 

European regulations on field trials of GMOs for agriculture are strict, and risk averse. A paradox lies in 
research and industrial biotechnology where transgenic cells are used extensively within contained facilities. 
Synthetic biology and bioremediation straddles these two sectors uncomfortably with the result that 
technologies can never be tested beyond the laboratory. There are very few examples of field trials of GMOs in 
relation to synthetic biology, bar a handful from the US in the early 2000�s (Sayler & Ripp, 2000). Attitudes to 
GM vary between regions. For example, both China and India have adopted GM crops such as Bt Cotton, and 
China was the first country in the world to approve GM trials with tobacco plants. Mongolia is still in early 
stages in relation to GM regulation and biosafety, but it has ratified the Cartagena and Nagoya protocols. The 
UNEP-GEF project on ‘Capacity Building for Biosafety Implementation for Mongolia’�is operational since 2011 
to develop biosafety regime and  strengthen  capacity  for  implementation  of biosafety requirements. 
Therefore any applications to use GMOs may be held up due to the lack of mechanisms in place to deal with 
approval. 
 
The inability to test bioremediation based on synthetic biology outside the lab has led to a disjoint between 
research funding and technology translation not seen in other sectors. Only limited data on risk is available, 
based upon small scale trials conducted in the US and extrapolations from the lab (Davison, 2005). 
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Conducting trials on accidental release and environmental impact is essential to understand the risk posed by 
these GMOs and whether it outweighs the potential benefits of remediation. While there is clear potential for 
environmental good, the potential for harm does exist. Controlled trials are needed to identify irreversible or 
unintended reactions. 

The consideration of the use of GMOs for bioremediation has some precedents. A program set up to embed 
bioethics into research (Drell, 2007) resulted in the development of PACT (Public Acceptability of Controversial 
Technologies), which was an attempt to produce a framework for discussions with stakeholders regarding 
GMOs for bioremediation of contaminated sites in the US. Their aim was broaden the technology-oriented 
perspective by presenting technology acceptability as social decision-making about technical and 
technological issues (Wolfe, Bjornstad, & Kerchner, 2003). Communication and public understanding in field 
sites is imperative. Despite these efforts, progress appears to have stalled. This project proposes a new 
direction via the involvement of designers and creative practitioners to not only improve communication, but to 
shape the nature of the interventions themselves. 

There are clear ethical dimensions when deploying technologies developed in the UK which have not been 
field tested before. Much can be learned from bioethics research produced in relation to healthcare in 
developing countries19, where new drugs or treatments are tested in-situ. A key feature of this is the role of 
informed consent in the process, and the morals of offering the best possible treatments once the trial is over. 
Bioremediation trials could be designed using this principle, with a commitment and budget to use 
conventional technologies if the test does not produce a positive result.  

Some questions remain, in particular, who should be authorised to deploy these technologies and who should 
monitor them? A role for an impartial third party to ensure unbiased trials seems necessary. In the case of 
bioremediation using synthetic biology, technology has overtaken governance mechanisms.  

 

 

 

 

  

                                                
19 See here for Nuffield Bioethics committee paper on healthcare trials in developing countries 
http://nuffieldbioethics.org/project/research-developing-countries/ 
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CONCLUSIONS  
 

� Contaminants of concern were largely consistent in the places I visited: heavy metals in groundwater and 
soil (e.g. cadmium, chromium, arsenic, lead), nitrate in groundwater and persistent organic pollutants. 

� Current methods of dealing with heavy metal contaminated soil rely on displacing problem and minimising 
impacts in new locations e.g. excavating chromium-contaminated soil and placing in lined landfill sites. No 
evidence of retrieving metals was found on my visits. Common opinion is that it is too costly to do so. 

� In many cases it is difficult to establish the need for remediation due to the poor availability of data and a 
lack of independently certified testing that is recognised by government. This underlines the need for low-
cost, robust and widely available sensors which can be used if pollution is suspected. These need to be 
verified and validated by an authority, so that their outputs are recognised as valid. 

� Effective bioremediation projects have engaged all members of community and considered legacy and 
maintenance. By identifying barriers to clean-up early on in the project lifetime, a suitable set of stakeholders 
can be engaged with to mitigate these factors. 

� Selecting the best technology for bioremediation requires analysis of the key criteria for clean up. The 
priorities of different stakeholder groups may not be the same.  

 

RECOMMENDATIONS - FUTURE BIOREMEDIATION PROJECTS 
� When designing bioremediation pilots it is important to manage expectations and have a clear line of 

communication to stakeholder groups such as residents or farmers. This is best managed using NGOs or 
projects operating in situ.  

� Design of bioremediation technologies should be conducted with efficacy as priority in the first instance. 
Cost reductions can be applied at later stages. Subsequent field trials inevitably encounter problems 
recreating laboratory results therefore compromising this early on will result in a technology which is not fit 
for purpose. 

� Building multi-disciplinary projects involving designers and scientists is a potentially powerful way of 
integrating bioremediation with communities through education and user-centred design of technology. This 
approach may be integral to improving the numbers of translational research projects which become 
adopted. 

� Looking to the future, synthetic biology is an area that aims to address bioremediation however concerns 
about GMOs must be understood and addressed. Field trials under controlled conditions should be 
performed to quantify and evaluate risk/benefit. This is a fundamental bottleneck for translational research in 
this area. 
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OUTCOMES FROM THE FELLOWSHIP TO DATE 
� I have co-founded a bioremediation spin-out company, Phytofutures, with a former colleague. We have 

been given the NERC Award for Ecosystem Services (£10K) at the recent Industrial Biotechnology 
Leadership Forum. 

� I have started a new job, as lecturer in Biochemical Engineering, and I aim to tackle some of the issues 
related to algal bioremediation through PhD and MSc research. 

� I have presented findings to colleagues in UCL and nationally through the “Algae Around the World”�
conference in Cambridge. 
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