
Headlines
•	 The complexity of pollution means that we need systemic transformation 

to tackle it. Systems approaches can help uncover ways for people and 
sectors to work together to achieve this change, identify new solutions 
and improve existing ones, reveal co-benefits, and avoid negative 
unintended consequences.

•	 The multiple scales of pollution challenges can be better appreciated using 
a systems approach, which provides a deeper understanding of the links 
between global, national, regional, local and individual pollution impacts. 

•	 An interdisciplinary approach is essential, considering perspectives 
from different disciplines and stakeholders to understand the 
system boundaries, identify leverage points and potential technical, 
behavioural and policy solutions. 

Key recommendations

•	 Understand the problem from a systems perspective: engage systems 
experts from across disciplines to help frame the problem and 
develop solutions. 

•	 Understand the system boundaries: bring in perspectives from a range 
of academics and industry, policy and societal stakeholders. 

•	 Develop systems tools: use data and systems models to make collaborative 
decisions and understand trade-offs. 
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Introduction

Recent reports on the state of our environment, combined 
with the direction of travel of organisations like the United 
Nations Environment Programme, European Commission, 
Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services (IPBES) and the Intergovernmental 
Panel on Climate Change (IPCC), have reiterated the urgent 
need for us to reduce our impact on the environment as 
quickly as possible and to tackle pollution (UNEP, 2021; 
European Commission, 2021; Pörtner et al., 2021). This is a 
multi-faceted demand that requires many considerations: 
encompassing water, air, and land, with impacts that range 
from individual species through to ecosystems, water 
catchments, the climate, human health, socioeconomic 
development, and economic prosperity. 

Pollution affects people and environment from local to 
global levels. Systems approaches are vital for coordinating 
decision-making in the face of such complex issues because 
they provide the whole picture view needed to avoid negative 
unintended consequences and to generate genuine benefits. 
This paper explains how systems thinking can be used to 
capture the problems involved in addressing environmental 
pollution and support decision-makers in finding solutions. 

Defining zero pollution 

Whilst there is no universally accepted definition for 
environmental pollution, dangerous ‘contamination’ is a 
recurring theme, comprising adverse impacts on the normal 
functioning of earth processes that are harmful to people 
and nature (Halliday, 2007; Rai, 2016; Muralikrishna and 
Manickam, 2017). We consider direct pollution as the change 
in quantity of any substance (solid, liquid, or gas) or any form 
of energy (such as heat, light, sound, or radioactivity) to the 
environment at a rate faster than it can be dispersed, diluted, 
decomposed, recycled, used or stored in some harmless 
form (Whyte et al., 2020). This definition of pollution includes 
impacts from resource extraction, which also place pressure 
on the environment.

Pollution operates across spatial and temporal scales and 
causes diseases such as cancer, heart and lung disease, and 
diabetes, leading to millions of deaths each year (European 
Commision, 2021; Vohra et al., 2021; Landrigan et al., 2018). 
Pollution is also one of the five main causes of biodiversity 
loss (IBPES, 2019). Contaminants resulting from human 
activity can be found everywhere, from the peaks of the 
Himalayas to the bottom of the Mariana Trench (Guzzella 
et al., 2016; Dasgupta et al., 2018; Jamieson et al., 2019; 
Gabrielli et al., 2020; Jiao, 2021), highlighting the multi-scale 
impact of pollution, the recurring failures in responsibility, 
and the ‘business-as-usual’ approaches to the environment 
that have enabled pollution to become so widespread. 

A transition to zero pollution, by preventing pollution from 
being released or by capturing or mitigating it after release, 
requires a systemic management approach. This means 
dealing with a wide range of pollutants in air, water, soil, and 
the biosphere, including but not limited to greenhouse gases. 
It also means identification and avoidance of unintended 
pollution consequences and embracing opportunities for co-
benefits of solutions and for regeneration. 

What do we mean by systems thinking?

Systems are combinations of interacting elements that 
together form a complex whole: the system often behaves in 
ways that cannot be predicted from traditional reductionist 
piecemeal approaches. Systems thinking focuses on 
the relationships among the system elements and their 
interactions, rather than simply the elements themselves 
(Monat and Gannon, 2015). Thus, a systems approach often 
involves complex interactions and trade-offs, allowing 
previously unknown or undervalued aspects to be revealed 
as key leverage points where interventions (such as 
technological or policy interventions) can generate significant 
system-level changes (Meadows, 2008). Importantly, systems 
thinking is needed for tackling complex or ‘wicked’ problems – 
like pollution (Campbell and Zellner, 2020), where there are no 
simple answers – by enabling otherwise uncertain situations 
to be understood and managed and providing new solutions 
that are more likely to succeed. 

The key systems elements highlighted above operate 
across disciplines and industries, with the wider system 
incorporating material, technical and infrastructure systems 
as well as systems of society, behaviour and economics 
(Mitchell et al., 2020). Employing systems approaches can 
lead to more effective policymaking and decision-making in 
addressing pollution by accounting for different perspectives 
and can help uncover new solutions where the ‘business-as-
usual’ approach has struggled to cope. 

The global scale and complexity of pollution means that 
systemic transformation is necessary to tackle it. Systems 
approaches can help to uncover ways for people and sectors 
to work together to achieve this change. For example, recent 
modelling has demonstrated that unless immediate and 
sustained action is taken globally, the growing problem of 

‘�Systems thinking in practice encourages us to 
explore inter-relationships (context and connections), 
perspectives (each actor has their own unique perception 
of the situation) and boundaries (agreeing on scope, 
scale and what might constitute an improvement)… 
Systems thinking is oriented towards organizational and 
social learning – and adaptive management’ (Allen, 2020).
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ocean plastic pollution will lead to the dumping of more than 
1.3 billion tonnes of plastic on land and in the oceans between 
2016 and 2040 (Lau et al., 2020). However, by investigating 
scenarios of interventions to tackle plastic pollution, and 
characterising the different elements and interactions in 
the global plastic system, researchers have revealed that 
annual flows of plastic into the ocean could be reduced by 
~80% in the next 20 years, by applying existing solutions and 
technologies more effectively (Lau et al., 2020).

Systems thinking is also a useful tool to interpret specific 
pollution problems, such as vehicle tailpipe emissions, not as 
standalone issues, but as components of the wider system. 
Box 1 discusses considerations around the introduction of 
electric vehicles (EVs) and urban health. The boundary of 
system analysis depends on the problem we want to address, 
and systems approaches are scalable in this sense, allowing 
prioritisation of the level of complexity that is needed.

Box 1: Systems, cars and urban health
The ongoing surge in the production of electric and hybrid cars, combined with tighter urban emissions restrictions has 
provided hope for cleaner air in urban environments, but systems thinking demonstrates there is still much to be done. 

EVs, including hybrid and full electric, have a lower climate impact than petrol or diesel vehicles due to their lower lifetime 
carbon dioxide emissions (Wolfram and Wiedmann, 2017) and from a pollution context, are often considered superior due 
to their lack of exhaust emissions, which in urban areas have become an extreme health risk (Sendek-Matysiak, 2019). 
Nonetheless they are not pollution-free – the process of building EVs, including the mining of rare metals, electricity 
production to power these vehicles, and emissions from tyre and brake wear are still sources of pollution (Ji et al., 2012; 
Banza Lubaba Nkulu et al., 2018; Liu et al., 2021, Mehlig et al., 2021). 

Traditional approaches to pollution mitigation for cars have focused on technical solutions to make engines and car 
production more efficient with fewer emissions. Here, a good example of unintended consequences is the relatively recent UK 
government encouragement of efficient diesel vehicles through lower taxes. The encouragement rewarded diesel vehicles’ 
lower carbon emissions, focussing less on the health problems caused by particle emissions from the combustion of diesel, 
meaning a limited perspective was prioritised over consideration of the wider pollution system. The scale of the subsequent 
uptake of diesel vehicles resulted in degraded air quality in cities with serious impacts for human health (Carslaw et al., 2011; 
Jonson et al., 2017; O’Driscoll et al., 2018). A focus on ever more technically advanced EVs to meet regulatory requirements, 
such as the UK government’s phase out of non-EVs by 2030, will bring some progress towards lower emissions driven by 
capital investment. Expanding the scope of the problem to include issues like emissions from tyre and brake wear would 
likely demonstrate that replacing all internal combustion engine vehicles with EVs would represent an improvement but 
ultimately be an insufficient solution from a systems perspective, since significant health issues would remain unaddressed. 
The wider transport system and moving to alternative modes of transport are thus important considerations here.

Opportunities are emerging to build on recent trends towards increased levels of cycling through a variety of incentives that 
encourage active travel. In the UK, expansion of city bike lanes has accelerated and the government has made pledges to 
make cycling and walking more attractive ways to travel. Among other benefits, the increased physical activity that can be 
derived from more widespread cycling in the population will promote health far beyond the air pollution benefits (Woodcock 
et al., 2009; Rojas-Rueda et al., 2012, Mueller et al., 2018) and could lead to potential savings of 1% of the health care budget 
in England and Wales by decreasing the prevalence of many diseases associated with physical inactivity (Jarrett et al., 2012). 
Increased cycling may create positive reinforcing feedbacks in a psychological and social sense. The more people are seen 
cycling, the greater the appeal of cycling since an appreciation of the sense of community and health benefits can lead to 
further uptake (Götschi et al., 2017). From a behavioural perspective, the advantage of positive feedbacks in bike use is 
particularly important, as cycling brings many co-benefits apart from physical activity, from social interaction to more space 
for green spaces, to climate change mitigation (De Nazelle et al., 2011; Gascon et al., 2016; Avila-Palencia et al., 2018; Brand 
et al., 2021). 

From a systems perspective, however, there are many other considerations that need to be balanced to create inclusive 
transport systems that are accessible to all in an urban environment. For example, there could be a tension between new 
cycle lanes and provision of bus lanes which needs to be accounted for. This demonstrates the need to appreciate wider 
systems, and both the challenges and opportunities that presents for human health and wellbeing in a pollution and urban 
health context.
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Box 1: Systems, Cars and Urban Health (continued)

Understanding our environment as 
a system

To better understand the issue of pollution, it is useful to 
consider environmental impacts of human activities on the 
Earth system. Two notable systems approaches to this are 
Meadows et al.’s ‘Limits to Growth’ model (1972), and the 
concept of ‘Planetary Boundaries’ by Rockström et al. (2009). 

The seminal ‘Limits to Growth’ model centred on an ‘essential 
problem, which is exponential growth in a finite and complex 
system’ – ‘a finite world’. The model professed that the 
exponential growth of five variables: population, food 
production, industrialisation, consumption of non-renewables 
and pollution, would eventually meet a limit that demarked a 
total ‘overshoot and collapse’ of the Earth system. The model 
pioneered the concept of planet-determined limits. It also 
provides an early example of the role that pollution has in 
marking thresholds, and the dangers of overstepping these. 
More recent research has produced models that are much 
more detailed and robust than the ‘Limits to Growth’ model, 
for example, to include renewable resources such as water, 
land and air, and to more fully identify the challenges posed 
by climate change (IPCC, 2021). 

Rockström et al.’s (2009) ‘Planetary Boundaries’ concept 
builds on the Limits to Growth premise by attempting to 
designate a ‘safe operating space’ for humanity. Nine earth 
system processes are identified, with their respective 

environmental boundaries based on conditions that typify 
the Holocene epoch that have supported human civilisation 
over the past 11,650 years or so. These boundaries are 
presented as uncertainty ranges within which potential 
environmental tipping points for each process exist. 
The ‘Planetary Boundaries’ concept works well, at least 
as a heuristic framework, for some aspects of the natural 
environment. For example, the issue of carbon dioxide 
emissions within the climate change planetary boundary is 
now a well-recognised global problem, and a reduction in 
these emissions is beneficial to all. However, there are also 
some limitations to this approach. Firstly, many pollution 
issues are local, with their impact propagating more widely 
through embodied resources and supply chains. Furthermore, 
certain pollution processes such as ‘chemical pollution’ and 
‘atmospheric aerosol loading’ are very difficult to quantify 
and the former was essentially left undefined in the original 
scheme. Importantly, if the use of boundaries in this manner 
provides a quantifiable target for policymakers, it also has 
the potential to encourage complacency if it is assumed that 
below the threshold there is no cause for concern; we know 
for example there are no safe threshold levels for airborne 
particulate matter (Brauer et al., 2019; Brunekreef et al., 
2021; Dominici et al., 2019; Hoffmann et al., 2021). Translating 
these boundaries into practical action presents a challenge 
but this is nevertheless happening for individual boundaries 
such as water (e.g., Zipper et al., 2020) and through holistic 
approaches such as Doughnut Economics (Raworth, 2017), 
an approach which also advocates systems thinking. 

An illustration of a system within a wider system for transport systems modelling, showing how complex 
interactions between agents and systems combine to produce emissions. The figure is edited from the Grantham 
Institute and Energy Futures Lab briefing paper on ‘Research pathways for net zero transport’ (Pearce et al., 2021) 
to highlight one part of the system governing choice of transport mode.
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Using a systems approach to 
understand and tackle pollution

A systems approach is not necessarily the same as a holistic 
approach per se, but rather it strives for reliable interpretation 
of a real context or problem (Cabrera and Cabrera, 2015), 
and can apply to both man-made (such as a manufacturing 
process systems, Box 2) and natural systems. By providing 

tools to deal with complexity in pollution flows (a flow is 
the rate at which material or energy passes through a given 
boundary, such as the amount of water flowing into a lake 
per minute (Monat and Gannon, 2015)) and contexts, a 
systems approach can help to identify effective interventions 
or leverage points for key stressors in the system, such 
as unregulated or illegal pollution, that can then be more 
appropriately targeted and tackled. 

Box 2: Pharmaceuticals and solvent pollution
A systems approach can be applied to minimise the pollution that arises from the use of solvents in the manufacturing of 
chemical products, such as medicines within the pharmaceutical industry. Over 50% of the greenhouse gas emissions 
attributed to pharmaceutical manufacturing stem directly from the use of solvents (Jiménez-González et al., 2004). 
Excluding water, the amount of solvent used in manufacturing is commonly about four times that of the final product. 
Furthermore, to minimise the amount of impurities in the final product, solvents are usually incinerated, rather than recycled, 
after use. This requires additional energy use and generates carbon dioxide emissions. 

In a manufacturing process, a series of reactions is typically needed, and considerable time is spent attempting to optimise 
individual steps, tailoring the solvent to each step. This often means that a significant amount of energy is expended to 
separate products and reagents from the solvent from one step, to replace it with the solvent for the next step. This focused 
approach, while ensuring a high proportion of reagents are converted to products, often generates significant amounts of 
waste. Employing a systems approach to consider solvent use across the entire manufacturing process can reduce waste and 
energy consumption. Further benefits can also be derived by accounting for the life cycle impacts of producing any solvent that 
is used in medicines manufacturing. A systems approach can highlight the benefits of recycling solvents or of designing them 
to be used over multiple steps in the production process (Perez-Vega et al., 2013), known as stage telescoping. Even when 
focusing on a single step, expanding the range of decision levers from choosing a solvent to choosing a processing technology 
(e.g., type of crystallisation unit) and operating temperatures lead to reduced pollution by decreasing solvent consumption 
and increasing product yield, i.e., the proportion of product that is recovered from the reaction mixture. A systems approach 
is often multi-scale by nature, as interactions between the scales of molecules, manufacturing processes, and wider supply 
chains need to be considered. These considerations are illustrated below.

Example systems for designing pharmaceutical 
manufacturing processes to minimise solvent waste 
pollution. a) Unoptimized process: An example two-step 
process with two reaction steps; each reaction step is 
followed by a workup train (crystallisation, filtration, 
washing and drying). This process topology involves 
several process units and uses different solvents for 
each reaction step (reaction 1 solvent and reaction 2 
solvent). b) Reaction telescoping: Identifying a solvent 
that can be used across both reaction steps eliminates 
the need for the first workup train, improving process 
resource efficiency. A remaining problem is that solvent 
waste from the filtration, washing and drying units is 
incinerated, rather than recycled, which decreases 
process efficiency and sustainability. c) Reaction 
telescoping + solvent recycling: In this configuration, 
solvents are recycled and re-used, minimising solvent 
use and the associated emissions. Solvent recycling 
is commonly used in the chemical industry, but not in 
medicines manufacturing. The development of novel 
processes with solvent recycling could help to reduce 
pollution and resource use in this sector.

 b) Reaction telescoping b) Reaction telescoping
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Systems within systems

One of the most significant advantages of systems 
approaches is an appreciation of scales and organisational 
levels, making it possible to differentiate local, national, and 
global impacts (e.g., Bouman, 2007, Letourneau, Verburg, 
and Stehfest, 2012, Villarrubia-Gómez et al., 2018, Zipper 
et al. 2020). A systems approach can improve our ability 
to investigate and interpret flows and interactions across 
different scales, using the concept of modularity or ‘systems 
within systems’. For instance, the global-local interactivity 
of plastic pollution is complex and wide-ranging but shifting 
our boundary perception to focus on one aspect of the 
system, such as single-use plastic carrier bags in the UK, 
can help to break down this complexity into more tractable 
modules. In this simplified way, focussing on the problem 
(plastic pollution), and what can be done to help fix it at 
a more local scale (discouraging the use of plastic bags 
through the introduction of a plastic carrier bag charge) can 
be a very effective way to provide a local solution to a more 
global problem. Systems thinking can help us understand 
how system interactivity is shaped by intricacies at local 
and individual levels (e.g., communities volunteering for 
beach clean-ups) just as much as by global forces (e.g., 
wind patterns that direct pollutant flows). See Box 1 for an 
illustration of a system within a system.

Defining the scope of the investigation 

The scope of a system should be chosen to focus on aspects 
that can identify points for intervention through closer and 
more effective investigation, whilst keeping sight of the wider 
whole (Nguyen and Bosch, 2013). The choice of boundaries is 
both important and challenging: there are always alternative 
perceptions of a system boundary, and these can also change 
as we shift across scales. For instance, the act of looking 
through a microscope provides us with an enhanced view of 
an area within a circular boundary, but if we adjust the lens 
or shift the focal area, our perceived boundary changes. 
Whenever a boundary is drawn, there is a risk of losing sight 
of the bigger picture. Therefore, demarcating a boundary 
should be done by attempting to appreciate a holistic 
overview from the starting point. A sound understanding 
of the system under investigation is essential to define the 
scope of a new study. Techniques such as HAZOP (hazard and 
operability) can be used to identify factors that may have been 
left out of the original scope of the investigation.

The following questions are examples of important 
considerations in scope-setting when undertaking a systemic 
analysis of pollution problems: 

•	 What is the threshold for pollution in the context of 
achieving sustainability and minimising health and 
environmental impacts? 

•	 Who decides these? Are they stakeholders, and how does 
their position in the system influence their perception?

•	 How do boundary perceptions outlined by direct pollution 
(e.g., emissions/discharges) change when indirect pollution 
(e.g., extraction of resources) is considered and how might 
this influence our understanding of the boundaries for zero 
and net zero pollution? 

A lack of understanding of the natural environment’s capacity 
for absorbing many pollutants further compounds the 
problems these questions present, as do considerations such 
as human health. Although pollution is far more than just a 
quantity problem, if levels of pollution are increasing, there is 
also a need to understand environmental capacity to act as a 
pollution buffer and understand threshold levels for adverse 
health impacts.

Key concepts in systems thinking 

Some concepts that are central to systems thinking and 
the analysis of pollution include burden shifting, flows, 
feedback loops, and system dynamics. 

Burden shifting
‘Burden shifting’ can occur where aspects of a wider 
system that are considered unhelpful (in this case pollution 
in the earth system) become distant from their site of 
production (Algunaibet and Guillén-Gosálbez, 2019), as in 
the case study on acid rain in Box 3. Often, contaminants 
are shipped elsewhere, out of mind. For example, in 2018 
the UK exported 611,000 tonnes of its recovered plastic 
packaging to other countries (Harrabin and Edgington, 2019). 
Alternatively, at the point of local environmental saturation 
the site of production might simply relocate, as has often 
occurred at the mercury-poisoned mines in the Amazon 
rainforest (Asner and Tupayachi, 2017). These processes are 
unfortunately synonymous with traditional siloed approaches 
in that they fail to address the wider issue of pollution and 
distance themselves from a complex problem, which has the 
potential to lead to a range of known and unknown unintended 
consequences, such as plastic packaging entering the oceans 
through mismanagement of plastic waste (Lau et al., 2020) in 
the case of plastic waste shipped abroad.
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Using a systems approach, in contrast, can highlight that even 
if the problem has not been solved in its entirety, but rather 
shifted to another part of the wider system, there are still 
ways to improve the situation via an understanding of system 
interconnectedness or modularity. Acknowledging this can 
help policymakers by providing a more realistic assessment 
of both the problem and proposed solution(s). Effective 
policy must appropriately reflect complexity, and systems 
approaches grant novel insights into the uncertainty and 
interrelations that are at play in the real world. 

Flows and feedback loops
In a pollution context, flows include not only material but also 
information and other (often intangible) inter-relationships, 
such as those between waste manager and worker, or worker 
and machine, which can be equally important. For example, 
in a worker-manager relationship, if the former is underpaid or 
treated unfairly by the latter, then they may feel less obliged 
to undertake waste management as effectively, resulting 
in increased levels of pollution. Prior identification of the 
possibility of a fractured relationship in this case would 
provide a leverage point for an intervention to address the 
issue. The relevance of relationships and social interactions 
can be pivotal. In this case, the renewed work ethic of the 

original worker could incentivise colleagues to rise to the 
same level, and a positive feedback loop emerges that serves 
to further mitigate pollution. Understanding and recognising 
where the system reacts and responds to ‘balancing’ and 
‘reinforcing’ feedback loops such as this is important and 
can allow for further identification of previously unnoticed 
leverage points (Sterman, 2001; 2002).

System dynamics
Systems approaches add new insights into the evolution 
of key metrics and quantities over time. Using a time-
based perspective focuses attention on uncertainties, and, 
particularly regarding feedback loops, allows quantification 
of lag times (Sterman, 2002). This can be captured in models 
that represent the system as a whole and its behaviour over 
time. The resulting predictive capacity can be reflected 
in environmental design, planning and pre-emptive 
interventions. For example, systems approaches can be used 
to inform future planning of water systems, and simulations of 
these have shown that neglecting interdependences of supply 
and wastewater systems, which abstract water and discharge 
into connected rivers, significantly underestimates impacts of 
sewer effluent on river water quality (Dobson and Mijic, 2020).
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Box 3: How systems thinking was used to address the problem of acid rain
Acid rain provides a good example of how systems-based thinking was ultimately brought to bear on a large-scale pollution 
problem, to identify its causes and consequences and to develop the solutions that led to continental scale improvements in 
emissions and ecological recovery over several decades. 

From the 1960s onwards in particular, ecologists in North America and Western Europe became increasingly concerned with 
the death of large swathes of forested areas and collapsing fish stocks in adjacent freshwaters, with many remote regions 
affected, often at high latitudes far from any obvious sources of pollution (Menz and Seip, 2004). Through correlative, 
experimental and modelling studies, scientists from a range of disciplines on both sides of the Atlantic eventually identified 
the ‘smoking gun’ to be sulphur dioxide emissions. These findings were subsequently extended to include oxidised nitrogen 
and ammonia, and were derived primarily from internal combustion engines and the large smokestacks of power plants in 
heavily industrialised areas but with ammonia emissions dominated by agriculture. These emissions entered the atmosphere 
and were transported at high altitude over large distances, often crossing international borders, before being deposited as 
‘acid rain’. In addition to ecosystem impacts, acid rain damaged building materials in many urban areas and the particulates 
associated with the acidifying emissions were linked to increased levels of asthma and bronchitis, revealing the clear 
association between environmental and human health. 

These realisations triggered considerable political activity and societal engagement – the citizen science movement was 
effectively born in the 1980s from the first large scale mobilisation of volunteers by the Audubon Society to track acid rain 
in the United States. Sweeping environmental legislation was brought in to control air pollution and new technologies 
engineered specifically to reduce emissions – including ‘scrubbers’ for smokestacks and catalytic converters for internal 
combustion engines. The Convention on Transboundary Air Pollution under the UNECE (United Nations Economic Commission 
for Europe) was established in 1979 in response to acid rain and extended in subsequent years by eight protocols to tackle air 
pollution across the region. The Convention has been an effective way of linking science and policy to tackle an international 
problem using multidisciplinary systems tools such as integrated assessment modelling, which is used to explore cost-
effective strategies to tackle emissions of greenhouse gases and air pollutants at the same time whilst also minimising their 
effects on human and environmental health (Reis et al., 2012). 

Long-term, large-scale and holistic biomonitoring schemes were set up in Europe from the 1980s onwards to track biological 
recovery, which was manifested increasingly from the 1990s onwards, with many waters seeing the return of fish populations 
after decades of local extinctions (Murphy et al 2014). More recently, a further layer of systems-based approaches has 
resolved some of the apparent paradoxes around ecological recovery that traditional reductionist approaches could 
not explain – for instance, complex food-web interactions explained why invertebrate abundance declined as acidity 
ameliorated, via cascading effects of the returning fish driving down their prey (Friberg et al 2011).  

A salutary lesson is that much of the initial problem arose from early decisions to build higher smokestacks to minimise local 
pollution in the adjacent area, without considering the consequences of moving the pollution to another part of the system. 
With the benefit of hindsight, a wider perspective could have been employed sooner by accounting for these trade-offs to 
avert many of the long-term damaging effects and costs of acid rain. We can learn from these lessons for building the next 
generation of systems-based thinking to mitigate acid rain impacts in other areas around the world that are now undergoing 
their own rapid industrialisation.

An illustration of the different scales and timeline for addressing acid rain as described in the case study.
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Linking systems, pollution and policy

It is vital that people working to tackle pollution take an 
interdisciplinary approach and (re)engage with wider society 
at the personal scale. Social science has a strong history 
in systems thinking and can provide the tools to integrate 
people effectively into decision-making as key stakeholders, 
to investigate the social influences on flows of pollution, 
and to provide the understanding and information needed to 
evolve human behaviour towards more sustainable choices. 
Examples of this include those seen from increases in cycling, 
as described in the case study in Box 1. In a world that must 
undergo rapid transformation, it is essential to develop 
communication across different disciplines, organisations, 
departments and industries (see the case study in Box 4). 
For such a widespread and varied problem like pollution, 
the wealth of various perspectives across society holds 
potential for innovation that has previously been untapped. 

There is a growing realisation that systems thinking has the 
potential to support policymaking. In the UK, for instance, 
HM Treasury has published guidance for evaluation of 
complexity in policy using systems thinking (2020), the 
Department for Environment Food and Rural Affairs (Defra) 
has developed a systems research programme for the natural 
environment (GOV.UK, 2019), and the Government Office for 
Science has published an introductory systems thinking 
toolkit for civil servants (Government Office for Science, 
2022). At the international level, the United Nations Office for 
Project Services (UNOPS) has developed guidance on systems 
approaches for strengthening infrastructure (2016) and the 
Institute for Applied Systems Analysis (IIASA) conducts policy-
oriented research into complex, multidisciplinary issues such 
as pollution and climate change that cannot be dealt with by 
a single country alone. 

Conclusions

•	 Pollution is a complex problem comprising many different 
interlinked elements. A systems approach can help to tackle 
and manage this challenge, propose solutions, and identify 
co-benefits, while also avoiding unintended consequences. 
Systems thinking can also help us to understand why 
existing solutions are not working, which in turn can guide 
us in developing better ones.

•	 The multiple scales of pollution challenges can be better 
appreciated using a systems approach, which provides a 
deeper understanding of the links between global, national, 
regional, local and individual pollution impacts. 

•	 An interdisciplinary approach is essential, considering 
perspectives from different disciplines and stakeholders 
to understand the system boundaries, identify leverage 
points and potential technical, behavioural, social and 
policy solutions. 

What next: from theory to practice

To take practical action to tackle pollution problems using 
systems thinking, we propose three key next steps:

1.	Understand the problem: engage systems experts from the 
outset to help frame the problem and develop solutions. 

Systems research can help conceptualise the complex 
nature of interlinked (sub)systems: defining a system and its 
components allows us to break down problems encapsulated 
within it without losing sight of their interdependence and 
define the system management targets such as ‘acceptable’ 
levels of pollution. From this, key stakeholders can be 
identified, and their ‘role’ clarified within the pollution system. 

Engaging systems experts can help frame the problem 
and identify solutions that could not be seen from tackling 
individual aspects in isolation. For example, recent work by an 
international team into how to tackle the growing problem of 
plastic pollution showed that no single policy intervention will 
be enough. It did, however, demonstrate that existing solutions 
coupled with systems change could cut most of the plastic 
flowing into the global ocean (Lau et al., 2020). Furthermore, 
research for the Environment Agency has shown that a systems 
approach can increase understanding of the interactions 
between different elements of the water system and be used 
to develop different ways to manage it (Mijic, 2021).
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Box 4: Why tackling nitrogen pollution needs an interdisciplinary systems approach
Human-caused disruption to the nitrogen cycle, for example through using ammonia as a fertiliser and burning of fossil 
fuels, has dispersed nitrogen in various forms through the environment, leading to pollution, greenhouse gas emissions, 
and widespread environmental impacts on the biosphere and human health. 

In its molecular form, nitrogen (N2) is unreactive and forms 78% of the air we breathe, whilst in more chemically reactive forms 
it is an essential element to life that appears in amino acids, proteins and enzymes. The conversion of atmospheric nitrogen to 
reactive forms by anthropogenic activities now significantly exceeds natural processes such as biological fixation. The Haber-
Bosch process, developed to produce ammonium nitrate for explosives in the First World War, enabled the production of 
fertilisers to provide food for the expanding world population. However, only a very small proportion of reactive nitrogen ends 
up as the proteins needed for a healthy diet. The rest cascades through the environment in different chemical forms causing a 
wide range of problems in the atmosphere, soil processes, freshwater, marine and terrestrial ecosystems and affecting their 
biodiversity. There is also a link to climate through emissions of nitrous oxide as a potent long-lived greenhouse gas (with a 
100-year global warming potential 265 times that of carbon dioxide). Emission of oxidised nitrogen from fossil fuel combustion 
can be more easily controlled but also contributes to disruption of the nitrogen cycle. These problems are generally less well 
recognised than those of the carbon cycle with respect to climate change, but are arguably even more complex, with the range 
of interacting elements and scale of impacts making systems thinking essential for tackling both.

Looking to the future, new developments are likely to affect production of reactive nitrogen, including advances in energy 
systems such as use of renewable energy to produce ammonia as a fuel, and land use reforms driven by climate measures. 
Whereas many developed countries are using nitrogen wastefully for agriculture, other areas of the world are deficient in 
protein, and need either to enhance food production or to import food. The existing problems of anthropogenic influence 
on the nitrogen cycle are now recognised, and are starting to be addressed internationally, for example with the recent 
Colombo Declaration setting the ambitious aim of halving nitrogen waste from all sources by 2030. Building on the 2019 
UN Environment Assembly Resolution (UNEP/EA.4/Res.14), it is now important to investigate how emerging pressures may 
change the nitrogen cycle and evaluate and plan towards solutions to mitigate the environmental consequences.

Engaging farmers, the wider agricultural industry and other stakeholders in discussions for effective policymaking on 
reactive nitrogen use in agriculture is essential to make sure that considerations such as balancing the cost of emission 
reduction measures with crop yield and meat production are discussed with an appreciation of the wider system (including 
pollutant impacts on biodiversity, future soil health, human health, the monetary and social costs, and changing dietary 
behaviour and demands on land-use) to provide valuable context for decision-making. Interdisciplinarity is key here: 
economists can work on valuation techniques and the socioeconomic effectiveness of measures, and engineers and 
scientists may focus on agricultural innovation and environmental aspects. Since technical change in such a sector often 
involves behavioural change, social engagement is also vital to success. 

Taking a holistic view of nitrogen pollution is needed to avoid unintended consequences that can be caused when the 
different forms of reactive nitrogen are considered separately as their impacts fall in different policy areas, such as air 
pollution, water management, or food security (UNEP, 2019). For example, the process to remove nitrogen pollution from 
water can lead to nitrous oxide emissions (UNEP, 2021), emphasising the need to tackle nitrogen pollution as a whole system.

An illustration of the effects of agricultural nitrogen emissions (mainly from fertilisers and animal husbandary) and related policy areas.
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There is systems expertise in many different fields, whose 
full multidisciplinary potential can be mobilised by bringing 
them together to work on a common problem, such as 
pollution. For example, in the UK, the Centre for the Evaluation 
of Complexity Across the Nexus is funded by UK Research 
and Innovation and brings together experts from the social 
sciences. Meanwhile the National Engineering Policy Centre 
(NEPC) at the Royal Academy of Engineering is demonstrating 
the need for a systems approach to reach net-zero and tackle 
climate change (Mitchell et al., 2020). There is an emerging 
systems community that engages with issues around pollution 
and the environment: in government with the systems 
research programme at Defra (GOV.UK, 2019), in academia 
with the Transition to Zero Pollution initiative at Imperial 
College London which is helping to build a cross-institution 
community of systems researchers, and internationally, 
as exemplified through the EU Environmental Foresight 
System (FORENV, 2019).

2.	Understand the system boundaries: bring in perspectives 
from a range of academics and industry, policy and 
societal stakeholders. 

Consider perspectives from different disciplines and 
stakeholders to understand system boundaries, identify 
leverage points and potential technical, behavioural, 
economic and policy solutions. Complex problems need to 
be broken down into manageable chunks to tackle them and 
bring people together from different disciplines and sectors 
can facilitate this – such as in the case of tackling nitrogen 
pollution, which involves multiple actors (Box 4).

As well as involving external stakeholders in discussions, 
also consider including different people from within an 
organisation who will be able to bring perspectives from their 
respective areas of expertise or related activities.

3.	Develop systems tools: use data and systems models to 
make collaborative decisions and understand trade-offs.

Modelling and data are important aspects of systems 
approaches, although mentioned only briefly within the 
scope of this paper. Systems models and how they are used 
allows a balance to be achieved between capturing complexity 
and providing information that can be used for decision-
making, to explore the many impacts of new interventions 
and technologies, support transitions to zero pollution, 
and provide insights into the impact of uncertainty and 
interconnections. As such, developing systems tools to use 
information from data and systems models remains a key next 
step in tackling systems problems. 

Integrated models can be enhanced with data, new simulation 
tools and digital technologies to improve and (re)design 
systems in a better way. For example, simulations of water 
systems can be used to inform future planning of water 
and other infrastructure (land, housing, etc.), ensuring 
that interdependencies of supply and wastewater systems 
are considered to avoid underestimating impacts of sewer 
effluent on the river water quality (Dobson and Mijic, 2020). 
Thus, consideration of how to integrate existing data into 
systems models and identify what new data are needed to 
improve systems models and their results will also be key 
to achieving successful outcomes. 

In summary, if we are to overcome the multifaceted threats 
to human and environmental health that will be increasingly 
posed by pollution in the coming decades, integrated 
systems thinking will be pivotal for rising to – and meeting – 
this challenge.
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