
7.	� Mitigation of greenhouse gases 
through water
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The relevance of water for safeguarding climate resilience is 
undisputed. However, the water sector itself, as well as water- 
related activities in other sectors, contribute to climate change 
by emitting different GHG – in parts highly potential ones. 
To consider the full mitigation potential of water-related 
activities, this chapter discusses GHG associated with:

   �Energy-intensive processes for purifying, supplying  
and treating water and wastewater.

   �Methane and nitrous oxide emissions from wastewater 
and faecal sludge management and discharge.

   �Emission of GHG from surface water bodies.

   �Decomposition of organic material in reservoirs.

   �Degradation and destruction of wetlands,  
in particular peatlands; and

   ��Different flooding regimes for rice paddy irrigation. 

Collectively, GHG emissions from these six categories might 
cause more than 10% of global anthropogenic GHG emis-
sions, rendering water security a potentially vital element of 
global climate mitigation activities and strategies. However, 
this study argues that, despite its significance as a key ingre
dient in reducing GHG emissions, water security across 
sectors is widely overlooked.

Figure 34:	Water management – the potential for climate change mitigation



Key Messages of Chapter 7

   �A significant amount of energy and its respective carbon emissions (depending on the source of energy) is required to 
abstract, supply and treat water and wastewater. Depending on the sanitation system and its management, waste-
water and faecal sludge management can cause additional emissions before, during and after treatment. User- 
friendly tools can help utilities in emerging and developing countries to reduce emissions and save energy costs.

   �Untreated and improperly treated wastewater and (faecal) sludge as well as the (over-) use of agricultural  
fertiliser can contribute to global warming by facilitating the formation of highly potent GHG in surface waters, 
namely, methane (CH

4
) and nitrous oxide (N

2
O). Reducing inflows of poorly treated wastewater and faecal sludge, 

i.e. of organic matter and nutrients, into surface waters can significantly contribute to climate change mitigation. 

   �Freshwater ecosystems, such as inland wetlands, can absorb and store substantial amounts of carbon. For 
instance, though covering only 3% of global land surface, peatlands alone store twice as much carbon as all  
of the planet’s forests combined – making them carbon pools of global significance. In consequence, it is  
especially their carbon storage function that renders healthy natural wetlands an important asset to global  
mitigation efforts, although they are important GHG sinks, as well.

   �Safeguarding the integrity of natural wetlands through conservation and restoration/rewetting measures is a low- 
hanging fruit for fostering climate ambitions through Ecosystem-based Mitigation (EbM) approaches. These  
activities can potentially create various co-benefits in the field of biodiversity conservation and human well-being.  
The sustainable management of water resources is a key element in safeguarding inland wetlands’ climate  
regulation ecosystem services.

   �Rice paddies have a significant water footprint. Globally, however, they also are major GHG sources. Water sector 
measures aimed at rice paddies’ flooding regimes bear the potential to foster both water efficiency and climate 
mitigation.

The management of water and wastewater involves process-
es with a high energy demand and, depending on the source 
of energy used, respective emissions of GHG. In 2014, ener-
gy-intensive processes associated with abstracting, supplying 
and treating water and wastewater accounted for around 4% 
of global electricity consumption (IEA, 2016). In the US, 
energy consumption of water and wastewater utilities can 
represent 30-40% of a municipality’s total energy costs 
(Copeland and Carter 2017). Of the electricity consumed in 
the water sector, around 40% was used to extract water, 25% 
for wastewater treatment and 20% for water distribution. 

 �Water and wastewater management accounts 
for around 4% of global electricity consump-
tion. Energy consumption in the sector could 
double by 2040.

Growing water demand, higher regulatory standards for 
treating wastewater and the uptake of desalination are  
projected to more than double energy consumption in the 
water sector by 2040 (IEA, 2016). This applies especially 
to developing countries, where large population segments 
still lack access to drinking water supply and sanitation ser-

7.1	 GHG emissions from water and wastewater management

vices. Moreover, where water and wastewater utilities  
facilitate access, they often rely on inefficient pumps, leaky 
distribution lines and dated treatment technologies.

Data and knowledge on GHG emissions from water supply 
and sanitation at the global level is limited. In the US, water- 
related use of energy alone was responsible for almost 5% 
of national GHG emissions (Rothausen and Conway, 2011).  
Thus, energy-efficient technologies and management ap-
proaches can significantly reduce GHG emissions in the 
water sector. 

Municipal wastewater treatment requires energy for the 
different treatment stages, for instance for pumps, blowers, 
mixers and screens. The aeration process is often the most 
energy- intensive part of wastewater treatment. In addition, 
wastewater collection and treatment processes entail the  
release of significant amounts of methane (CH4) and nitrous 
oxide (N2O). Although this emission amount is lower than 
CO2, its adverse effects on climate are much stronger.  
The IPCC has estimated the global warming potential of 
CH4 at 28-34 times the effect of CO2 over a timespan of 
100 years. Concerning N2O, global warming potential is 
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Defi
nition of terms

The Carbon cycle is used to describe the flow of carbon in various forms, e.g. as CO
2
, carbon in biomass and carbon 

dissolved in the ocean as carbonate and bicarbonate through the atmosphere, hydrosphere, terrestrial and marine bio-
sphere and lithosphere.

Adapted from IPCC (2018) p. 544

Carbon sequestration is the uptake (e.g. the addition of a substance of concern to a reservoir) of carbon-containing 
substances, in particular CO

2
, in terrestrial or marine reservoirs. Biological sequestration includes direct removal of CO

2
 

from the atmosphere through land-use change (LUC), afforestation, reforestation, revegetation, carbon storage in land-
fills and practices that enhance soil carbon in agriculture (cropland management, grazing land management). In parts of 
academic literature, but not in this report, (carbon) sequestration is used to refer to Carbon Dioxide Capture and Storage 
(CCS). 

Adapted from IPCC (2018) p. 544, 560

Carbon Dioxide Removal refers to anthropogenic activities removing CO
2
 from the atmosphere and durably storing it in 

geological, terrestrial or ocean reservoirs, or in products. It includes existing and potential anthropogenic enhancement 
of biological or geochemical sinks and direct air capture and storage, but excludes natural CO

2
 uptake not directly caused 

by human activities. 

IPCC (2018) p. 544

Mitigation (of climate change) describes a human intervention to reduce the sources or enhance the sinks of GHG.

Adapted from IPCC (2018) p. 554

Pools are reservoirs in the earth system in which elements, such as carbon, reside in various chemical forms for a 
period of time.

 Adapted from IPCC (2014) p. 216

Sink denotes a reservoir (natural or human, in soil, ocean and plants) in which a GHG, an aerosol or a precursor of a GHG 
is stored. Note that UNFCCC Article 1.8 refers to a sink as any process, activity or mechanism which removes a GHG, an 
aerosol or a precursor of a GHG from the atmosphere.

Adapted from Ramsar Convention Secretariat (2018) p. 2

Stock is the total carbon stored in an ecosystem, regardless of the time it took to build up this stock.

Adapted from Ramsar Convention Secretariat (2018) p. 2
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indicated at 265-298 times the effect of CO2 for the same 
timespan (IPCC, 2013). 

Moreover, in the absence of oxygen, CH4 can be released in 
sewers, in particular in case of long detention times of 
wastewater (Foley et al., 2010). Another possible source of 
CH4 are onsite sanitation systems. Here, long detention 
times of faecal sludge, for instance, can also increase CH4 
formation. During treatment, CH4 can be released during 
anaerobic digestion (if biogas is not or incompletely flared 
or collected). Depending on the specific treatment and 
conditions, a share of CH4 might also remain dissolved in 
already treated wastewater, thus, gases potentially escape at 
a later stage. Furthermore, CH4 emissions can arise during 
activated sludge management, sludge storage and through 
leaking biogas. N2O can be released through the removal 
of biological nitrogen during wastewater treatment.  
Uncontrolled sludge disposal is also a source of CH4 and 
N2O (see Chapter 7.2).

In the absence of wastewater collection and treatment ser-
vices, communities often rely on onsite sanitation systems, 
such as septic tanks or pit latrines. In this case, GHG  
emissions depend on the individual use of the system, e.g. 
poor flush latrines vs. dry latrines, the quality and efficiency 
of faecal sludge management and the type of faecal sludge 
treatment. 

The registration of emissions from wastewater and faecal 
sludge was included by the IPCC task force on National 
Greenhouse Gas Inventories in its 2006 guidelines and 
2019 refinement in a specific sub-section of the waste sector 
(IPCC, 2019). Emissions resulting from the influx of un-
treated or poorly treated wastewater and faecal sludge into 
surface waters are addressed in Chapter 7.2.

Trends and regional differences in GHG emissions 
from water supply and treatment

Global electricity consumption in the water sector is project-
ed to increase by 2.3% per year, until it reaches a total of 
1470 TWh in 2040 (IEA, 2016). However, the amount of 
energy used in the water sector varies widely across regions, 
depending on climate conditions, topography, existing infra- 
structure and other factors. Furthermore, when displaying 
water sector energy trends and comparing its energy use in 
different regions, it is important to be aware of different  
reference values, such as total energy consumption, as well as 
the share of electricity and energy consumption based on  
fossil fuels. 

In developed countries, by far the greatest share of water- 
related energy consumption is used for wastewater treatment 
and end-use (Rothausen and Conway, 2011). The compara-
tive lack of wastewater treatment plants in developing 
countries suggests that less CO2, CH4 and N2O is emitted 
from energy-intensive and often fossil fuel-based wastewater 
treatment processes. However, this does not necessarily 
mean that GHG emissions caused by wastewater treatment 
processes are generally lower in developing countries, since 
CH4 and N2O not only emerge from wastewater treatment, 
but also, and in a much more uncontrolled way, from waste- 
water and faecal sludge, which is discharged into the environ
ment without any kind of treatment (see Chapter 7.2). In 
addition, the extraction of groundwater for irrigation can 
account for high GHG emissions, in particular in more 
arid regions and countries in which rain-fed agriculture 
cannot be performed throughout the year. For instance, 
groundwater depletion and pumping for irrigation, often 
using diesel pumps, accounts for 2-7% of India’s total  
annual CO2 emissions (Mishra et al., 2018). 

Alternative water resources, such as desalination, can also 
be associated with high energy use. Roughly 0.7% of global 
water needs are met by water from desalination and water 
reuse (see Chapter 6.3 for climate resilience and environmen-
tal aspects of these approaches). However, these processes 
account for almost a quarter of total energy consumption 
by the water sector (IEA, 2016). It is projected that desali-
nation will account for the largest increase in electric energy 
consumption, as production of freshwater from seawater 
desalination might increase nine-fold and brackish water 
desalination five-fold. Today, desalination accounts for 
about 5% of global water sector electricity consumption.  
In 2040, it is estimated that desalination will account for 
more than 20% of water-related global electricity demand 
by the water sector (IEA, 2016).

In terms of regional distribution, desalination technologies 
are mainly prevalent in North Africa and the Middle East 
(Figure 35). In 2016, desalination accounted for just 3% of 
the Middle East’s water supply, but 5% of its total energy 
consumption. Moreover, the production of desalinated  
seawater is projected to increase almost fourteen-fold in  
the Middle East by 2040 (IEA, 2018).
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One challenge concerning the quantification of GHG emis
sions is the limited availability of comprehensive assessments 
on the water sector’s energy profile. In parts, that can result 
in major shortcomings in terms of demonstrating the water 
sector’s mitigation potential in the field of supply and treat-
ment, as well as promoting informed water decision-making 
on water-climate policies. In addition, existing studies deploy 
different methodologies and delineate water sector bound-
aries in different ways. 

Strategies to reduce GHG emissions in water, 
wastewater and faecal sludge management

The decarbonisation of energy-intensive processes in the 
water sector has gained currency over recent decades.  
Energy-related measures have taken on an increasing role 
in new strategies for designing and managing water systems 
(Hering et al., 2013). Solutions are versatile, ranging from 
the promotion of energy-efficient technologies to onsite  
renewable energy production. For instance, the GHG- 
saving potential of water treatment processes can be quite 
high, since sewage and sludge treatment offers the possibility 
of producing low-GHG fertiliser from recovered nutrients 
or renewable energy from organic matter (Wang et al., 2018). 

The International Energy Agency (IEA) estimates that if 
economically available energy efficiency and energy recovery 
potentials in the water sector are utilised, the sector could 
reduce its energy consumption by 15% in 2040. Therefore, 
wastewater treatment, desalination and water supply offer 
the largest potential for savings (IEA, 2016). 

 �Water and wastewater utilities can substan-
tially contribute to national GHG mitigation 
targets. 

However, most of this energy reduction potential is being 
squandered (Li et al., 2015). For instance, only a few water 
and wastewater utilities in Europe and the US have become 
energy-neutral by deploying energy-optimising measures 
(Rothausen and Conway, 2011). Wastewater treatment pro-
cesses hold additional potential for reducing GHG emissions. 
Through analysing, monitoring, reporting and reducing 
these emissions, water and wastewater utilities can contribute 
a substantial share to national GHG mitigation targets. 
Some measures aimed at mitigating GHG emissions associ-
ated with energy consumption as well as wastewater and 
faecal sludge management are listed below:

   �Energy efficiency: Addressing unnecessary water con-
sumption and water losses are sustainable and cost- 
efficient ways to prevent GHG emissions, since the energy 
associated with the treatment and supply of water can 
simply be reduced. Water losses in distribution networks 
can be high, even in some water-scarce countries. For 
instance, an estimated 48% of water is lost in India,  
including through leakage, theft or inaccurate metering 
(IEA, 2016). Active leakage control, including sounding 
techniques, is an efficient way to find unreported leaks. 
Pressure management, on the other hand, is a cost- 
effective water loss strategy, reducing the number of 
bursts and leaks.

Figure 35:	Electricity consumption in the water sector by process and region, 2014, Source: IEA, 2016.
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   �Reuse: The reuse of water from wastewater and faecal 
sludge treatment for purposes with less strict water quality 
requirements than for potable water also holds significant 
water and energy-saving potential (Grant et al., 2012). 
Moreover, water-use efficiency can enhance water security 
and climate resilience, while significantly reducing pro-
cessing costs. Energy efficiency in water, wastewater 
and faecal sludge management can further be increased 
by deploying adequate technologies and management 
processes. The optimisation of pumping systems might 
include updating or replacing pumps, but also improving 
control, operation and data acquisition. Energy demand 
during wastewater treatment can be reduced through 
the installation of efficient aerators and diffusers, as 
well as optimised aeration control.

   �Renewable energy: There is significant potential to  
reduce GHG emissions by deploying renewable energy 
during water, wastewater and faecal sludge manage-
ment. For instance, the organic matter in wastewater 
and faecal sludge contains more energy than is needed 
to treat it (Li et al., 2015). Treating sludge in anaerobic 
digesters allows treatment plants to capture biogas, 
which can be further processed into biofuels, heat and 
electricity. Using anaerobic treatment approaches, a 
plant can cover 50-75% of its own energy consumption. 
Additional modifications, such as technologies that 
turn biogas into biomethane, can further optimise the 
energy performance of treatment plants (McCarty et 
al., 2011). Apart from gaining energy through treat-
ment processes, the extended use of renewable energy, 
such as solar and wind power, can further lower the  
carbon footprint of water and wastewater utilities. 

   �Optimised wastewater treatment: The mere extension 
of wastewater and faecal sludge treatment coverage re-
duces emissions from untreated wastewater in surface 
water, as further discussed in Chapter 7.2. Anaerobic 
wastewater treatment can improve energy conservation 
and reduce GHG, if the methane produced during the 
process is not released into the environment. Nature- 
based Solutions, such as constructed wetlands, also have 
the potential to substitute energy-intensive treatment 
technologies. Besides the use of biogas for generating 
energy, approaches to avoid CH4 emissions include  
biogas f laring and avoiding biogas leakage (Paolini et 
al., 2018).

The benefits of tapping into the mitigation potential of the 
water sector stretch beyond saving GHG emissions. Lowering 
energy consumption can substantially reduce operational 
costs of water and wastewater utilities, which can be as 
high as 40% in developing countries (Liu et al., 2012). If 
well-planned and, depending on local conditions, inclusive 
of energy-pricing systems, investments into energy efficiency 
can pay off within a few years (Ballard et al., 2018). 

However, an extensive implementation of the aforementioned 
measures to address GHG emissions bears inherent challenges. 
For instance, traditional wastewater treatment infrastructures 
were not developed to pursue multiple purposes in parallel, 
such as the removal of pollutants, energy recovery and  
nutrient recycling (Wang et al. 2018). In addition, several 
solutions to foster energy efficiency in the water sector 
have been designed for and in developed countries. Individ-
ual needs and (economic) realities in low-income countries 
might require customised, different or new solutions to 
reduce energy consumption in water supply and treatment 
(Larsen et al., 2016). 



Adverse impacts of renewable energies on water-related ecosystems

Global demand for electricity is expected to grow by roughly 70% by 2035 (WWAP, 2014). Renewable energies play a 
growing role in energy production. However, while it involves much lower CO

2
 emissions, renewable energy production 

also entails adverse environmental impacts. These have also come to affect water security and water-related ecosys-
tems through pollution or high levels of water use. It is strongly recommended to account for and mitigate these impacts.

Hydropower accounts for 16% of global electricity production and is, therefore, the largest source of renewable energy 
(WWAP, 2014). Dams built to generate hydro-electricity and store water resources bring multiple benefits, like flood pro-
tection, reliable water supply and energy security. But they also have negative consequences for river ecosystems and the 
people that depend on them (Vörösmarty, 2010). The negative externalities of dams, such as loss of biodiversity, declining 
fisheries and relocation of local communities, might exceed the benefits of job creation and energy supply (Ziv et al., 2012; 
Winemiller et al., 2016). Moreover, water is lost through evaporation and seepage from reservoirs (Gerbens-Leenes et al., 
2009). Reservoirs can also emit large quantities of CH

4
, corresponding to 1.3% of global CO

2
-equivalent emissions 

(Deemer et al., 2016). 

Wind and solar power do not require large quantities of water resources for energy production. The water footprint of 
these two energy forms is among the smallest per produced kWh, compared to other renewable energies (Mekonnen et 
al., 2015). However, wind and solar power have less visible negative impacts on water security and water-related ecosys-
tems. Advanced lithium batteries, which have high-energy storage capacity to balance out the supply-demand gap, 
require large amounts of chemical-containing water to extract the ore (Izquierdo et al., 2015). Without proper treatment 
and disposal, the wastewater pollutes ecosystems and can precipitate water conflicts among local water users.

Biofuel often has a large water footprint, especially when crops are cultivated in semi-arid and arid areas (Ger-
bens-Leenes et al., 2009). The cultivation of energy crops, such as corn, sugar cane or palm oil, and the cooling processes 
in power plants to burn biofuels, require a lot of water (Raptis et al., 2016). In addition, ecosystems, like wetlands or for-
ests, have been drained or converted to expand the production of bioenergy. By causing the loss of these natural carbon 
pools, in particular peatlands (see Chapter 7.3), the industry is responsible for significant GHG emissions. Moreover, the 
rise of energy crops has starkly increased competition for arable land, thereby indirectly causing land use change 
(including the loss of wetlands, for example).

The cultivation of energy crops also necessitates large quantities of fertiliser and manure. Washed out by the rain or car-
ried away by winds, significant amounts of nutrients enter wetlands, lakes and rivers. Once there, they cause high levels 
of eutrophication, which is a main threat to freshwater ecosystems and biodiversity. Furthermore, the enrichment of 
nutrients in an ecosystem can have a positive correlation with the increased emission of GHG. Converting forests or other 
natural environments to cultivate energy crops often fosters soil erosion. Consequently, sedimentation can pollute rivers, 
wetlands and lakes (Croitoru and Sarraf, 2010).
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Helping countries towards a climate-smart water sector:  
Water and Wastewater Companies for Climate Mitigation (WaCCliM) 

In order to reach the goal of the 2015 Paris Agreement to limit global warming to well below 2°C, all sectors need to 
contribute and increase their GHG mitigation ambitions. As exposed in this chapter, the urban water sector is a notable 
source of emissions. These will most likely increase due to growing water demand and increasing service coverage,  
in particular in emerging and developing countries. Since 2014, the project Water and Wastewater Companies for Climate 
Mitigation (WaCCliM), financed by the Federal Ministry of the Environment, Nature Conservation and Nuclear Safety of 
Germany (BMU) and implemented by GIZ and the International Water Association (IWA), has been working with selected 
countries and utilities to prove that in the urban water sector, climate mitigation action can be achieved, alongside and 
in harmony with climate-resilient sustainable development. 

WaCCliM’s experience has shown that the flow of water into, through and out of cities connects NDC and SDG commit-
ments of developing and emerging countries. The project has introduced a roadmap of systematic steps and measures 
towards low-carbon water and wastewater utilities that can also plan for climate risks and improve their services. 
Helping utilities on this path is the project’s Energy Performance and Carbon Emissions Assessment and Monitoring Tool 
(ECAM), which any utility can use to assess its GHG emissions and pinpoint opportunities to use less energy – or even 
generate its own energy. ECAM also functions as an important tool providing data for Measurement, Reporting and 
Verification (MRV) systems for the sector and helps to monitor compliance with NDCs. ECAM has been used beyond the 
project: The Zambian water programme Climate-friendly sanitation in peri-urban areas of Lusaka, financed by the Ger-
man Federal Ministry for Economic Cooperation and Development (BMZ) and implemented by GIZ, developed an addi-
tional module for faecal sludge management for ECAM and calculated a baseline of GHG emissions for the whole 
urban water cycle of Lusaka.

WaCCliM has piloted mitigation solutions, ranging from energy-efficient pumps to technologies for generating power 
with biodigesters, with utilities in Jordan, Mexico, Peru and Thailand. Prioritized measures in these pilot utilities have 
led to an annual mitigation equivalent to more than 10,000 tons carbon dioxide – or planting about 50,000 trees per 
year. The water and wastewater utilities using WaCCliM tools to pioneer GHG benchmarking and climate-smart plan-
ning are becoming national sector leaders, and they are providing evidence for an increased consideration of water as 
a sector for combined mitigation and adaptation action in the next round of NDCs. The WaCCliM vision on climate-smart 
urban water systems has to be achieved on a local, national and global scale. So, while WaCCliM works with national 
and international partners to enable local action, it does this with a larger transformation in mind. The toolbox of both 
mitigation and adaptation planning measures will be available to utilities everywhere on the knowledge platform Climate 
Smart Water:  � www.climatesmartwater.org
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Alongside the energy consumption of water supply and 
treatment processes, there are other major sources of GHG 
emissions related to water sector procedures as well as on 
environmental standards and their enforcement. Surface 
water bodies, such as artificial reservoirs, rivers, canals, 
open drains, lakes or wetlands, naturally produce consider-
able amounts of GHG (Bastviken et al., 2011). For instance, 
GHG formation in surface waters stimulated by the influx 
of poorly treated or untreated wastewater and faecal sludge 
can become a major cause for increased GHG emissions, 
since such influx comes along with the enrichment of  
nutrients and organic matter. Globally, over 80% of the 
wastewater is not collected or improperly treated. Particularly 
in developing countries, the release of untreated wastewater 
remains an ordinary practice, due to a lack of infrastructure, 
technical and institutional capacity, and financing 
(WWAP, 2017). 

The enrichment process of water bodies with dissolved  
nutrients is also called eutrophication. Higher amounts of 
nutrients, such as nitrogen (N) and phosphorus (P), as well 
as organic matter added to water systems, also reinforce the 
production of CH4 and N2O. An increased formation of 
these gases in receiving waters, associated with unmitigated 
nutrient and organic carbon influx, correlates with the 
amount of GHG being emitted eventually. In addition, 
from a climate mitigation perspective, CH4 and N2O are 
distinctly problematic, due to their high global warming 
potential. Furthermore, the resultant emissions are generally 
higher in countries with warmer climates, because higher 
temperatures potentially stimulate the microbial transfor-
mation processes linked to GHG production. Also, higher 
temperatures decrease gas solubility further exacerbating 
gasification rates. 

Agricultural run-off can also carry significant amounts of 
P and N into water systems, both from inorganic fertiliser 
and livestock manure. While the mass of fertiliser applied 
was relatively lower in most developing countries during 
the 20th century, it is set to grow strongly in the future. 
Therefore, it is likely that such trend results in an overall 
nutrient surplus. In Africa, for instance, the quantities of N 
and P that are applied to land but are not taken up by 
crops or are removed during harvests will increase signifi-
cantly by 49% (N) and 236% (P) between 2000 and 2050 
(Bouwman et al., 2013).

Reservoirs, lakes and other lentic waters are major sources 
of GHG as well. Eutrophication of lentic waters under  
scenarios of future nutrient loading to surface waters show 
that enhanced eutrophication of lakes and reservoirs will 
significantly increase CH4 emissions from these systems 
(+30-90%) over the next century. Thereby, changes in CH4 

7.2	 GHG emissions from organic matter and nutrient inputs into surface waters 

emissions could have an atmospheric impact equivalent to 
18-33% of that from current fossil fuel CO2 emissions 
(Beaulieu et al., 2019). In addition, the distinct conditions 
of reservoirs created by dams – characterised by fluctuating 
water tables and a high occurrence of organic material – 
produce considerably more CH4 than natural lakes or other 
surface waters. Dam reservoirs, therefore, contribute approx
imately 1.3% of anthropogenic GHG emissions (Deemer et 
al., 2016).

 �A growing scientific consensus links nutrient 
influx into surface water bodies and GHG 
emissions from them – primarily CH4 and 
N2O.

Finally, there is now emerging scientific consensus on the 
link and positive correlation between excessive nutrient 
loadings into receiving surface water bodies and GHG 
emissions from them – primarily CH4 and N2O (Beaulieu 
et al., 2019; Deemer et al., 2016; DelSontro et al. 2018; 
Fernandez et al., 2019; Murray et al., 2019; Prairie et al., 
2018; Sanches et al., 2019). In consequence of this consen-
sus, enhanced wastewater treatment and sanitation efforts 
not only contribute to improved water quality, but also  
potentially lower degrees of CH4 and N2O emissions. 

Challenges to estimate actual GHG fluxes from 
surface waters

The emission of GHG from surface waters, such as CH4 
and N2O, does not automatically equal the amount of gases 
being formed in them. Consequently, the amount of gases 
being transferred from the liquid phase – hence, the actual 
GHG emission – is often hard to estimate without complex 
direct measurements within a certain study area. In this 
connection, the broad absence of real-time gas emission 
flux data form surface waters constitutes one of the major 
challenges, when estimating their actual adverse climate 
impact. Not least because of above challenges concerning 
the quantification of emissions (using consistent or institu-
tionally accepted protocols) and a resulting lack of sufficient 
data, global estimates on total GHG emissions from surface 
waters are not available until now. 

 �Severe organic pollution already affects one 
seventh of all river stretches in Africa, Asia 
and Latin America.

However, given the low wastewater treatment rates in many 
developing countries, it is likely that untreated wastewater 
has a significant climate impact (Bogner et al., 2007). This 
assumption can be substantiated through studies showing 
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that severe organic pollution already affects one-seventh of 
all river stretches in Africa, Asia, and Latin America, and 
that figure has been steadily increasing (UNEP, 2016). 
Furthermore, an absence of global estimates does not mean 
that GHG emission from surface are not being quantified 
at all. GHG emissions can be estimated for a certain region 
by using an emission factor approach, as described by the 
IPCC and the EPA (IPCC, 2006; USEPA, 2019). However, 
this approach needs to make use of several assumptions and 
simplifications. For instance, N2O emissions from surface 
water bodies are described by a point emission factor, which 
suggests that 0.5% of the total nitrogen loading is emitted 
as N2O, without accounting for regional specifics or nitro
genous substrate differences (ibid.). Furthermore, there is 
no corresponding measure for CH4 emissions introduced 
up to now. 

Strategies to reduce GHG production  
in and emission from surface waters 

There are different solutions to prevent lakes, reservoirs and 
other surface waters from becoming even greater sources of 
GHG. These solutions seek to lower the quantities of nutrient 
and organic matter that enter water systems by different 
means: 

   �Control of GHG from insufficiently treated wastewa-
ter and faecal sludge: A low wastewater collection and 
treatment coverage as well as the absence of formalised 
faecal sludge management for decentralised sanitation 
in the majority of urban poor settlements in several  
developing countries renders this field of action a top 
climate priority. Thereby, a reduction of CH4 and N2O 
emissions from surface waters can be achieved by enhan
cing proper wastewater and faecal sludge management. 
This explicitly includes the appropriate processing and 
disposal of sludge, as in the foreseeable future the major-
ity of the global urban population will depend on de-
centralised sanitation systems, since only 41% of the 
global population is connected to centralized sanitation 
systems in 2017 (WHO, UNICEF, 2019; see Chapter 7.1). 

   �Watershed management to reduce nutrient and organ-
ic matter inputs: To lower the GHG emissions associat-
ed with the nutrient enrichment of water bodies, water-
shed management strategies with a focus on nutrient re-
duction need to be put in place (e.g. management prac-
tices including the reduction of nutrient-laden soils 
through excessive fertiliser use, vegetated filter strips 
and proper handling of animal manures). 

   �Reservoirs created by dams: With the current support 
for hydropower in many countries, strategic and careful 
site selection of new reservoirs will be important (e.g. 
upstream of nutrient pollution sources). Furthermore, 
improving the design and management of existing ones 
is another measure that can help to reduce GHG emis-
sions (Deemer et al., 2016). GHG fluxes from reservoirs 
strongly depend on various environmental conditions, 
such as soil characteristics or prior vegetation cover. In 
consequence, the use of other renewable energy sources 
than hydropower might be advisable from a climate 
mitigation angle in some cases.

   �Indirect positive mitigation effects through nutrient  
recovery: Fertiliser production (mostly fossil-fuelled)  
accounts for a significant amount of global GHG  
emissions. Fossil fuel consumption could be reduced by 
using wastewater N and P for fertiliser directly through 
recovering those nutrients. However, it often remains a 
challenge to fully capture the nutrient recovery potential 
in an energy- and cost-efficient manner (McCarty et 
al., 2011), in particular concerning conventional waste-
water, which usually has a lower share of N and P  
compared to more concentrated fluids. Still, an expected 
increase of nutrient demand might create further eco-
nomic incentives for nutrient recovery in the future 
(Cordell et al., 2009). Another forward looking process 
is to produce bio-char or “terra preta” from faecal sludge 
and to create a carbon sink, when adding this bio-char 
to agricultural land, where it can increase the fertility of 
soils (Biederman et al., 2013; Woldetsadik et al., 2017).



Climate
Total 

peatland CLa GLa FLa N/Aa
Degrading  
peatland

Actual  
emissionsb Peat C

Degrading 
Peat C 

Area (Mha) Gt CO
2
 eq. Gt C

Tropical 58.7 8.5 11.3 34.6 4.3 24.2 1.48 (0.04-2.79) 119.2 49.1

Temperate 18.5 3.5 5.0 8.9 1.3 10.6 0.16 (0.10–0.21) 21.9 12.5

Boreal 360.9 6.8 85.6 249.5 19 15.5 0.26 (0.16–0.36) 427.0 18.3

Polar 25.0 0.1 14.9 9.7 0.4 0.7 0.01 (0–0.02) 29.6 0.8

Oceanic <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0 (0–0) <0.1 <0.1

Total 463.2 50.9 1.91 (0.31–3.38) 597.8 80.8

a)	� Peatland area according to land use classes (CL), grassland (GL) and forest land (FL).  
N/A means that no distinct land use type could be identified

b)	 Annual mean values for CO
2
, CH

4
, N

2
O, and DOC; values in parentheses show the lower and upper range of emissions 

Table 8:	 Area and emission overview of global peatlands (adopted from Leifeld and Menichetti, 2018)

121CHAPTER 7    MITIGATION OF GREENHOUSE GASES THROUGH WATER   |      

Wetlands constitute the largest carbon stocks among ter-
restrial ecosystems. Their conservation depends on water  
security together with environmental protection, resources 
management and land use. Peatlands – one type of wetlands 
– are important as global carbon pools. Measures using  
wetlands for climate change mitigation involve a) avoiding 
the destruction of natural wetlands through conservation 
efforts, including the safeguarding of their carbon sink 
function and the prevention of significant GHG emissions 
coming along with their degradation; and b) restoring already 
degraded wetlands to recover their ability to remove and 
store CO2. This grants wetlands a particularly powerful role 
among Ecosystem-based Mitigation (EbM) measures as few 
other systems can address both elements of climate change 
mitigation – reducing the sources and enhance the sinks of 
GHG. However, the potential to store carbon varies by 
wetland type, which range from floodplain swamps and  
alpine mires to seagrass meadows and mangroves. Common 
to all of them is that their plant communities remove CO2 
from the atmosphere through photosynthesis and build it 
into their biomass. When wetland plants die, dead plant 
material (carbon-rich organic matter) sinks to the wetland’s 
ground. There it cannot fully decompose due to a lack of 
oxygen (see Figure 36 on the next page). In this way, wetlands 
accumulate more and more carbon over time, eventually, 
forming thick organic layers respectively carbon pools. The 
associated uptake process of carbon from the atmosphere in 
terrestrial reservoirs is called carbon sequestration.

7.3	 GHG emissions from peatlands

 �Peatlands store twice as much carbon  
than all global forests.

Although only covering 3% of the earth’s land surface, 
peatlands contain nearly one-third of the land-based carbon. 
This equates to double the amount of carbon locked in the 
biomass of global forests (Crump, 2017). Peatlands form 
thick layers of peat, sometimes over thousands of years,  
allowing them to store more carbon than any other wetland 
type. A slow formation process of these peat layers – thus a 
slow creation of carbon pools – makes it imperative to 
avoid the loss of peatlands in the first place. Furthermore, 
the amount of carbon stored in peatlands depends on dif-
ferent factors, such as the water table and the vegetation 
cover. In general, tropical peatlands – almost exclusively  
located in developing countries – store much more carbon 
per area unit than those in boreal climates (see Table 8). 
For the sake of completeness, it needs to be noted that also 
other types of wetlands store high amounts of carbon, such 
as forested inland wetlands, salt marshes and mangroves. 
Even though peatlands constitute bigger carbon stocks on 
a global scale, other types of wetlands can have higher  
carbon sequestration rates rendering them promising  
subjects of interests for advanced climate action as well. 
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Figure 36:	The key role of water for optimising the climate-regulating function of peatlands (Adopted from Umweltbundesamt, 2019)

The GHG footprint of wetlands, in particular in connection 
to methane emission has been subject to discussions.  
Wetlands are the largest contributor to natural CH4 emis-
sions (more than 75%) (Zhu et al., 2016). Therefore, some 
have argued that draining natural wetlands could be an  
effective strategy to reduce CH4 emissions (Muller, 2019). 
However, this doesn’t reflect the whole picture of GHG 
fluxes: While CH4 emissions tend to decline after the 
drainage of a wetland, the subsequent release of CO2 and 
the loss of potential prospective sequestration services even-
tually turn drained wetlands into net sources of GHG 
emissions (Petrescu et al., 2015). Indeed, almost all wetlands 
are net carbon sinks, when carbon sequestration and CH4 
emissions are examined over an appropriate time period 
that also accounts for the decay of CH4 in the atmosphere 
(IPCC, 2014; Joosten et al., 2016, Mitsch et al. 2011). In 
this connection, peatlands have a particularly high mitigation 
potential, since they cause less than a quarter of all CH4 
emissions emitted by wetlands, while being carbon pools  
of global significance (Turetsky et al., 2014). 

Geographical distribution of peatlands and 
(potential) GHG emission hotspots

Around 75% of the current GHG gas emissions from degrad-
ing peatlands is caused in the tropics; those from boreal 
peatlands are trivial in comparison (see Table 8 on the previ-
ous page). Actual emissions from tropical peatlands mainly 
stem from Southeast Asia as Figure 37 shows. Yet, Figure 
38 also shows that peatlands in Africa and Amazonia – 
that are still mostly in an intact natural condition – are 
likely to emerge as future emission hotspots unless ade-
quate safeguards and conservation efforts are established. 
However, when estimating future potential emissions from 
peatlands and the resultant global warming potential, it is 
critical to acknowledge that the known extent and size of 
global peatland carbon stocks are still highly uncertain 
(Leifeld and Menichetti, 2018). In 2011, scientists discov-
ered the largest peatland in the Amazonas, the Pastaza-
Marañon Foreland Basin in Peru (Lähteenoja and Page, 
2011; Draper et al., 2014), and a few years later the largest 
tropical peatland, the Cuvette Central in Africa’s Congo 
Basin (Dargie et al., 2017). 
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Figure 37:	Global peatland distribution and annual actual emissions from peatland degradation: The colored area shows the world-
wide distribution of peatlands and the GHG emissions currently released from them. The different legend colors indicate 
the amount of GHG emissions per hectare (Source: Leinfeld and Menichetti 2018).

Figure 38:	Global peatland distribution and annual potential emissions from peatland degradation: The colored area shows the 
worldwide distribution of peatlands and the potential annual GHG emissions per hectare if those peatlands would be 
drained. The map shows that peatlands across the tropics would become emission hotspots while emissions from boreal 
areas would also increase (Source: Leinfeld and Menichetti 2018). 



Initiatives involved in mapping global peatlands 

The latest discovery of the Cuvette Centrale is just one example highlighting the poorly investigated extent and condition 
of peatlands around the world. There are several initiatives underway to improve the data availability on peatlands. One is 
the  Global Peatland Database (GPD). Started in the 1990s by the International Mire Conservation Group, it collects and 
integrates data on the location, extent, and ecological status of peatlands and organic soils worldwide and for 268 indi-
vidual countries and regions. The database contains analogue and Geographic Information System (GIS) maps, reports, 
observations, pictures, and is supported by the Peatland and Nature Conservation International Library (PeNCIL). The GPD 
regularly produces comprehensive analyses including worldwide overviews on peatland status and resultant emissions. 
Its spatial information on peatlands is used to inform peatland conservation in areas of climate change mitigation and 
adaptation, biodiversity conservation and restoration, and sustainable land use planning. 

The  Global Peatland Initiative is another effort by leading experts and institutions that collaborate to improve the con-
servation, restoration, and sustainable management of peatlands. One of the outputs of the Global Peatlands Initiative 
will be an assessment that seeks to discern the status of peatlands worldwide and their importance in the global carbon 
cycle. It will also examine the monetary value of peatlands for national economies. The Global Peatlands Initiative has 
carried out a peer-reviewed rapid response assessment for peatlands (Crump, 2017) based on existing data and studies. 
This rapid assessment looks at the location and extent of peatlands, key threats affecting them, existing conservation 
policies and their effectiveness, and it suggests future interventions.
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 �Comprehensive global mapping efforts of wet-
lands are urgently required.

Recent discoveries of the large peatlands, as mentioned 
above, have far-reaching implications for global peatland 
conservation and restoration. First, they illustrate that  
tropical peatlands may be much larger than estimated and 
are undervalued in current global assessments (Leinfeld 
and Menichetti, 2018). Their extent and volume may be 
three times greater than in previous estimates (Gumbricht 
et al., 2017). Comprehensive global mappings of wetlands 
– in particular peatlands – are urgently required to foster 
mitigation and conservation efforts through informing  
decision-making and reducing uncertainties. This can help 
to prevent the further degradation of (unknown) peatlands, 
including their vast carbon stocks (see boxes below on 

peatland mapping initiatives and the Nile basin peatland 
assessment). Second, these discoveries have revealed that 
the carbon pools contained by African and South Ameri-
can peatlands may be as large as or even larger than those 
in Southeast Asia. The African Cuvette Centrale peatlands 
alone are estimated to contribute as much as 29% to the 
global peat stock. As a result, the Democratic Republic of 
Congo and the Republic of Central Africa, over whose  
territories the Cuvette Central spreads, were upgraded to 
the second and third most important countries in the trop-
ics for peat areas and carbon stocks (Dargie et al., 2017). 
This not only underpins the essential role peatlands play in 
climate mitigation, it also implies that much of the future 
peatland conservation efforts need to go beyond Southeast 
Asia by accounting also for potential future emission  
hotspots in Africa and Latin America.

https://greifswaldmoor.de/global-peatland-database.html
https://www.globalpeatlands.org/


Nile Basin Peatlands: Assessment of soil carbon, CO
2
 emissions, and mitigation potential 

The total peatland area in the Nile Basin is estimated to be 30,445 km2. That is approximately a fifth of the largest 
peatland complex in the tropics, the Cuvette Central in the Congo Basin, and comparable to the largest described 
peatland complex in Amazonia with 35,600 km2 (Draper et al., 2014). About 40% of the total peatland area estimated 
for the entire Nile Basin is found in the Nile Equatorial Lakes (NEL) countries (Uganda, Tanzania, Rwanda, Burundi, 
Kenya). Unfortunately, land-use change in the Nile Basin continues to accelerate and an increasing area of peatlands 
is being impacted directly (burning and clearing for agriculture, peat extraction for energy) or indirectly (drainage for 
infrastructure, surrounding plantations causing groundwater drawdown). Other threats to peatlands in the Nile Basin 
include changing rainfall patterns and fire hazards. The consequences are increased CO

2
 emissions through the loss  

of carbon stocks and productive land.

Recently, the Nile Basin Initiative (NBI) with support from GIZ, on behalf of the German Federal Ministry for the Environ-
ment, Nature Conservation and Nuclear Safety (BMU) under the International Climate Initiative (ICI), commissioned the 
study: “Assessment of Carbon (CO

2
) Emissions Avoidance Potential from the Nile Basin Peatlands”. The objective of the 

study was to contribute to the discussion on CO
2
 emissions’ mitigation potential in the Nile Basin, by calculating the 

current carbon stocks in the Nile region. The study estimated the peat soil carbon stocks in the Nile Basin to be between 
4.2 and 10 Gt of organic carbon (GtC). Within these parameters, the country with the highest carbon stock is South Sudan 
(1.5-3.59 GtC), followed by Uganda (1.3-3.1 GtC). Peat carbon stock losses and mitigation potential within the NEL 
region were explored with a model assuming that in 2015 25% of all peatlands were drained and that from 2015 until 
2050 the drained area will increase annually by 1 %. Resulting losses of about 0.2 GtC over the period 2015-2050 can 
be regarded as CO

2
 emission reduction potential, if no new drainage will be implemented and all drained peatlands are 

rewetted by 2025. The potential emission reduction would account for 678 Mt CO2 in total, or 19.4 Mt CO
2
 per year. Calcu-

lations based on more differentiated estimations of initial drained area per country (in 2015) suggests an even higher 
emission reduction potential of 885.5 Mt CO

2
 for the NEL region. 

In order to prevent further peat loss in the region, NBI and GIZ are working together to deliver a sustainable peatland 
management for the region. The strategy features further research needed for a sustainable management, including 
mapping and monitoring efforts that are necessary to estimate the impact of land use and land-use change on peatlands’ 
GHG emissions as well as the loss of ecosystem services. 
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https://www.nilebasin.org/information-hub/technical-documents/83-assessment-of-carbon-co2-emissions-avoidance-potential-from-the-nile-basin-peatlands/file
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Approaches to exploit the climate mitigation  
potential of peatlands 

The ability of peatlands to absorb and store potential GHG 
emissions depends on the constant availability of water 
(among other factors, such as peat-forming plants). Con-
sequently, the creation of oxygen-free conditions is an  
indispensable prerequisite for peat formation and conserva-
tion. In consequence, the mismanagement of water resources 
can disrupt the hydrology and ecological functioning of 
peatlands and, thus, weaken or nullify their climate change 
mitigation effects (Page et al., 2009). Water management 
institutions, such as river basin organisations, can be prime 
actors tasked with regulating the hydrology of peatlands. 
They have a great deal of influence when it comes to con-
trolling threats in and around peatlands and cultivating 
and restoring them in a sustainable manner. Moreover,  
water-sector specialists, water managers, and freshwater 
conservationists can contribute critical expertise and know-
how (such as in hydrological modelling) to inform a sustain-
able water management – also in face of expected global ex-
pansions of agricultural activity, transport infrastructures, 
and mining as major drivers for peatland deforestation and 
drainage (Roucoux et al., 2017, Dargie et al., 2019).

There are also economic incentives to protect wetlands. A 
study by Griscom et al. (2017) sought to quantify the miti-
gation potential of natural climate solutions, including 
wetlands. The authors suggest that EbM options can collec-
tively meet 37% of cost-effective CO2 mitigation needed by 
2030 to keep global warming below 2°C. To this end, res-
toration and conservation of wetlands (including coastal 
wetlands) can offer a share of 14% of suitable EbM oppor-
tunities. Furthermore, in terms of low-cost EbM options 
(defined by Griscom et al. at or below USD 10 per tonne of 
CO2-equivalents per year), measures aimed at wetlands can 
constitute a share of 19%. However, Griscom et al. also 
highlight that avoiding the loss of wetlands tends to be less 
expensive than wetland restoration. Furthermore, they stress 
that the prevention of loss is an urgent concern in develop-
ing countries. In addition, the economic value of wetlands’ 
ecosystem services is usually higher than that gained from 
cultivating them in a not sustainable manner. Moreover, 
economic profits from intensive economic use of wetlands 
are often not shared with the society as a whole (Ramsar 
Convention on Wetlands, 2018). A recent study estimates 
that wetlands deliver 43.5% of the monetary value of all 
global inland and coastal biomes. Thereby, peatlands alone 
represent one-fourth of the total financial value provided 
by freshwater ecosystems (Davidson et al., 2019).

In this connection, discoveries such as the Cuvette Centrale 
peatlands further underpin the EbM potential of wetlands, 
while constituting promising opportunities of conserving 

them through sustainable water management and land use. 
Despite a growing acknowledgement of peatlands’ impor-
tance for climate action, they still remain largely undervalued 
by governments. In addition, although peatland emissions 
are included in the IPCC guidelines for National Green-
house Gas Inventories (Volume 4, Chapter 7 on wetlands; 
IPCC, 2006) and mitigation measures to reduce them are 
eligible for national accounting under the UN Framework 
Convention on Climate Change, they rarely make an  
appearance in national GHG emission inventories (Moomaw 
et al., 2018; Roucoux et al., 2018). 

Co-benefits of wetland conservation  

and restoration 
 
Peatlands and other wetlands come with various additional 
advantages beyond their climate-regulating functions. 
Compared to forests and grasslands, they do not only hold 
higher carbon stocks per area unit, but also provide more 
hydrologic ecosystem services. This efficiency in terms of 
ecosystem services per area unit is a great asset as many 
other EbM options demand more land to achieve comparable 
outputs. Thus, land use competition, e.g. with agricultural 
activities, is potentially lower (Leifeld and Menichetti, 
2018). Furthermore, inland wetlands, such as peatlands, 
provide several ecosystem services, including water storage, 
treatment, or flood control. In consequence, EbM through 
wetlands usually comes along with various co-benefits 
beyond mitigation in the fields of climate adaptation, the 
protection and conservation of biodiversity as well as 
human well-being (Figure 32 on page 90) (Griscom et al., 
2017). The conservation of tropical peatlands is not only 
accompanied by benefits for climate action, but by dis-
tinctly positive effects on biodiversity (Posa et al., 2011).  
 
Unsustainable water resources management can pose 
considerable threats to peatlands. As displayed above, 
constant water availability forms the lifeline for natural 
peatlands. For example, planned dams and water transfers 
in both the Pastaza-Marañon and the Cuvette Central 
basin threaten floodwater-dependent downstream peat-
lands. Their hydrological connectivity with the landscape 
means that perturbations taking place upstream or closely 
around a peatland can negatively affect the whole system 
(Page et al., 2009). The principles of Integrated Water 
Resources Management (IWRM) on the policy, legisla-
tion and implementation levels can help to minimize 
damage from unsustainable developments. The IWRM 
framework considers natural conditions of freshwater and 
other ecosystems in decision-making. Thereby it pursues 
a basin-wide approach, which is one key to ensure that 
peatlands and other wetlands are managed along their 
hydrological boundaries. Another important approach  
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Indonesia: Peatland Management and Rehabilitation (PROPEAT) 

Large-scale drainage areas and the conversion of peat and wetlands in Indonesia began in the late 1960s. These were 
established to promote the success of agriculture, where lands were converted to shrimp ponds. In the heart of North 
Kalimantan, the peatland and mangrove ecosystem are an integrated landscape in Delta Kayan-Sembakung. Over 20 
years, the Delta has suffered from the conversion practices. The delta covers more than 580,000 ha area and provides 
the community with enormous natural resources and abundant environment services. Today 170,000 ha of Delta has 
been converted to shrimp ponds and leaving less than 30% of intact mangrove forest. 

Since 2019, the Peatland Management and Rehabilitation project (PROPEAT), financed by the German Federal Ministry 
for Economic Cooperation and Development (BMZ) and implemented by GIZ, has been working with the Ministry of 
Environment and Forestry of Indonesia and the Provincial Government of North Kalimantan to improve the management 
of peatland ecosystems in North Kalimantan. As of 2020, PROPEAT collaborated with local universities to conduct a 
baseline study on aquatic and terrestrial biodiversity as well as socio-economic issues. Results of this study will be 
used as basis for the government to formulate a policy on peatland management at the provincial level. Furthermore, 
the PROPEAT project conducted carbon assessments in three districts to assess the carbon stock of peatland and 
mangrove areas. These assessments will be further used for the provincial action plan on GHG, thus, also the mitiga-
tion contributions by peatlands will be considered.  

In parallel to the above study, PROPEAT promotes the policy of peat and wetland rehabilitation and management through 
integrative planning processes. The project currently facilitates discussions with stakeholders to develop strategic 
planning in the Kayan Sembakung Delta, which is the core of the peatland and mangrove ecosystem in North Kalimantan. 
This strategic planning process will further be integrated in the long-term provincial management plan. In the long 
run, the project aims to improve current practices of peatland and mangrove management, thereby, it also aims to use 
findings from applied research and documentation of field experience for dissemination at the local, national and 
international level.
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to protect wetlands and their carbon-pool function is to 
ensure that river f lows sustaining wetland hydrology are 
not threatened through water resource developments (see 
box below on Environmental Flows). 

If eligible, another possibility for safeguarding the integrity 
of wetlands can be to declare them as Ramsar Sites –  
wetlands of international importance. Pursuing such 
declaration requires signatories of the Ramsar 

Convention to conduct initial ecological inventories and 
develop management plans for wetlands. Both are vital 
elements to inform and guide a sustainable wetlands 
management and avoid disturbance of their hydrology. 
While not offering formal protection in itself, a declara-
tion as a Ramsar Site can still constitute a first step to 
further promote the creation of legislation aimed at wetland 
protection (Roucoux et al., 2014; Darpie et al., 2019).

Environmental flows as a key tool for wetland protection and restoration 

Environment flows are defined as “the quantity, timing, and quality of freshwater flows and levels necessary to sustain 
aquatic ecosystems which, in turn, support human cultures, economies, sustainable livelihoods, and well-being” 
(Arthington et al., 2018). When implemented, they can be part of reducing the degradation and loss of wetlands, protect, 
and restore their ecological integrity as well as halt the loss of biodiversity. While so far mainly applied for rivers, 
there are examples where the implementation of environmental flows has proven to maintain or improve biodiversity 
outcomes and ecosystem services of wetlands (Yang et al., 2016). 

Successful implementation of environmental flows for wetlands can be attained through, among others, careful water- 
infrastructure planning and development; adequate releases of water from dams; or sustainable water allocation plan-
ning. All of these interventions need to be grounded in research that investigates the relationships between flow condi-
tions, wetland ecology, and possible human interactions, so called environmental flow assessments. Within the context 
of climate change, environmental flow assessments, taking into account the effects of climate change, can also provide 
a better understanding on dynamics around water availability and allocation needs within river basin systems 
(Barchiesi et al., 2018). 

Different tools have emerged to assess and implement environmental flows. The Environmental Flow Calculators, 
developed by the International Water Management Institute (IWMI), is a software solution to make rapid and desktop- 
based e-flow assessments. 

Tools

https://www.iwmi.cgiar.org/resources/data-and-tools/models-and-software/environmental-flow-calculators/
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Restoration: Rewetting of  

degraded peatlands 

Strategies for the restoration of wetlands depend on the 
type of wetland, its hydrological characteristics, and the 
causes of degradation. For instance, if swamps connected 
to a river are degrading due to dam-based alteration of 
flows, water managers would need to restore environmental 
flows. If a wetland is drying up because of an overexploited 
groundwater source, it may be necessary to curtail water  
licences or tackle illegal pumping. In general, the prime 
method of restoring peatlands is their rewetting, for instance, 
through enhancing water inflow, soil saturation and stabi-
lizing the groundwater level (see Figure 36 on page 122). 
Suitable measures in this regard could be the installation of 
ditch blockages or the sealing off cracks in the peat body, 
both measures aim to raise a peatlands’ water table again 
until its peat layers are completely waterlogged again (Lunt 
et al., 2010). Once an oxygen-free environment and the na-
tive vegetation are restored, peatlands tend to stop releasing 
CO2 emissions and start to sequester them again (Ramsar 
Convention Secretariat, 2018). While rewetting can raise 
CH4 emissions initially, a neutral GHG emission balance is 
commonly achieved after a few years (IPCC, 2014; Joosten 
et al., 2016).

Wetland restoration can be a challenging task, especially 
for peatlands. The complex relationship between the hydrol-
ogy and ecology of many wetland types demands that res-
toration measures are grounded in scientific knowledge and 
thorough assessments executed by sufficiently skilled water/
natural resources managers. To develop restoration measures, 
comprehensive modelling exercises are often needed to  
simulate the water table for optimal ecological functioning. 
From a water perspective, the success of peatland restoration 
relies on maintaining a sufficiently stable water table over a 
long time period. Setting the water table correctly is not 
only a challenge for sustainable water management, but 
also key to re-establish the mitigation benefits of peatlands. 
This also includes the prevention of massive GHG emission 
through peat fires in drained peatlands (Page et al., 2009). 

Sustainable cultivation of intact and  

degraded peatlands
 
Most forms of practiced peatland cultivation follow an initial 
drainage combined with a large-scale clearance of vegetation. 
This renders them unsustainable in most cases. However, 
economic or agricultural practices in wetlands have been 
developed that do not require their drainage. Paludiculture 
is one prominent example of sustainable wetland cultivation 
(Evers et al., 2017). Paludiculture commonly encompasses 
measures such as reed mowing or the manufacturing of 
economic goods. Generated incomes can provide local 
communities and governments with incentives to conserve 
or restore peatlands and other wetlands, as well as preventing 
their degradation (see box about the Upper Amazon on the 
next page). 
 
Besides protecting wetlands’ carbon pools, paludiculture 
constitutes further co-benefits for biodiversity, local energy 
supply, and climate adaptation (Wichtmann et al., 2016). 
However, paludiculture also faces challenges. For instance, 
it is hard to reach the same level of agricultural productivity 
through paludiculture if compared to environmentally ad-
verse agro-industrial activities, such as extensive palm oil 
production. Still, only 1% of global agriculture is undertaken 
on peatlands (Leifeld and Menichetti, 2018). Therefore, 
multiple benefits provided by their ecosystem services make 
a strong case for a sustainably management and cultivation. 
The political framework can contribute to protecting eco-
systems, for instance through economic incentives favouring 
sustainable peatland cultivation.



Upper Amazon – Peatland protection for climate change mitigation and adaptation by coupling climate 
finance, biodiversity conservation, and indigenous land use management

The project “Building the Resilience of Wetlands in the Province of Datem del Marañón, Peru” aims to improve the live-
lihoods of indigenous communities and making them more resilient against climate change impacts, for instance, by 
providing alternative income opportunities to curb deforestation and protect the carbon stocks of the peatlands. The 
project, which combines adaptation and mitigation elements, is financed by the Green Climate Fund with a budget of 
USD 9.1 million and executed by the Peruvian Trust Fund for National Parks and Protected Areas (PROFONANPE). 

The project area is in the western middle portion of the Amazon Basin, in the Province of Datem del Marañón, Loreto 
Region, Peru. It is part of the Pastaza-Maranon Foreland Basin (PMFB), which is the largest peatland in the Amazon 
presenting 2.7% of the global tropical carbon stock. The Amazon peatlands in Peru remain almost entirely intact. Yet, 
they face an increasing number of threats from oil extraction, agriculture, illegal logging, and palm oil cultivation 
(Draper et al., 2014). 

The project seeks to avoid deforestation of an estimated 4,861 ha of palm swamp and terra firma forests over a 
10-year period and enhance the resilience and conservation of 343,000 ha of peatlands and forests. It does so by 
helping government departments to better facilitate land-use planning and management of the region’s wetlands.  
The bulk of the funds will eventually be allocated to support indigenous communities to set up sustainable businesses. 
These resolve around sustainably harvesting peatland products, such as salted fish, the pulp of local palm trees, or 
natural substances for medicinal use. 

The communities are supported through capacity building in business plan development, marketing and management, 
or equipment and supplies. The project provides a compelling case for an initiative that links climate action through 
community-based support of indigenous people, while combining these activities with biodiversity conservation and  
a better protection of tropical peatlands. Furthermore, it is the first project of its kind financed by the Green Climate 
Fund (Roucoux et al., 2017). 
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Rice paddies are the largest artificial wetland type measured 
by their extent and constitute another source of GHG emis-
sions. Consequently, they also come along with mitigation 
potential for the agricultural sector. Rice cultivation accounts 
for at least 2.5% of the global GHG emissions due to CH4 
and N2O emissions that form under anaerobic conditions in 
flooded rice paddies. The value may be even higher given 
that most studies have rather underestimated N2O emissions 
(Kritee et al., 2018). CH4 emissions related to rice cultivation 
are expected to even double by 2100 due to global warming 
(van Groeningen et al., 2013). Interventions that seek to  
exploit this mitigation potential need to consider that rice is 
a food staple for almost half of the world’s population. 

Furthermore, an increased productivity is required to meet 
the growing demand for rice, especially in Sub-Sahara Africa. 
Rice consumes 3000-5000 litre of water per kilogram, more 
water than most other crops. If cultivated through irrigation, 
such high water demand can affect the overall water distribu-
tion and threaten supply to domestic users and ecosystems, 
possibly affecting water sector responsibilities. Already today, 
water scarcity threatens rice production in many countries. 
Successfully tackling inter-sectoral challenges through an 
independent user allocation requires an integrated water  
resources strategy that also accounts for conflicting user  
interests (Godfray et al., 2010). The water sector is a key 
player in terms of contributing knowledge about and solu-
tions for producing the same amount of rice with less water, 
while reducing GHG emissions. This is illustrated in more 
detail below. 

Different aspects of rice cultivation can result in GHG emis
sions, however, more than 90% of the emissions are associ-
ated with the flooding of paddy fields. The remainder stems 
from fertiliser application and water pumping. About 90% 
of rice is still produced and consumed in Asia, mainly in 
China, Indonesia, and India. However, other cultivation  
regions are on the rise, such as sub-Saharan Africa (Carlson 
et al., 2016). GHG emissions mainly correlate with chosen 
type of flooding regime used throughout the cultivation  
(see box for different flooding strategies). Continuous flood-
ing, as often practiced in Vietnam, results in much larger 
CH4 emissions than Mid-season Drainage (MSD), the 
dominant flooding practice in China. Consequently, China 
produces one-third of the global rice yet contributes only 
23% of the rice-related CH4. Vietnam, in turn, produces 
only 5% of the global rice production but 10% of the relat-
ed global emissions (ibid.). Recent studies have shown that 
GHG emissions from rice cultivation can be reduced by up 
to 90% through the use of more suitable flooding tech-
niques such as MSD. Compared to Alternate Wetting and 
Drying (AWD), MSD involves only one instead of several 

7.4	 GHG emission from the cultivation of rice

rounds of drainage, eventually reducing GHG  
formation. At the same time, sustainable techniques can 
help to achieve higher yields, increase nitrogen-use efficiencies 
and reduce water use (Wu et al., 2018; Kritee et al., 2018). 

Different forms of intermittent flooding regimes have emerged 
to replace continuous flooding in some areas. AWD, for in-
stance, is a response to water scarcity in many rice cultivating 
regions. This regime can save up to 30% of needed irrigation 
water, depending on local conditions.  

Another main benefit of AWD is that it has proven to  
reduce CH4 emissions by as much as 80% (Sander et al., 
2016). However, there is growing evidence that N2O  

emissions from intermittent flooding may be higher than 
those of permanent flooding regimes (Kritee et al., 2018).  
In order to fully account for GHG emissions from rice  
cultivation, actual N2O emission need to remain a subject  
of further investigation in the future, mainly led by the  
agriculture sector.

 �Water institutions can help to reduce GHG 
emissions and water demand.

The agricultural sector has been a leading voice in terms of 
research and dissemination of water-efficiency technologies 
that can reduce water demand from rice cultivation. How
ever, water institutions – such as ministries for irrigation and 
water management – are among the main partners of the  
agricultural sector in designing policies and instruments that 
would promote water-saving measures on the ground, and 
these institutions are also heavily involved in their 

Different flooding regimes used in rice cultivation:

Permanent flooding: The rice field is constantly flooded 
during the entire growing season. 

Alternate Wetting and Drying (AWD): Water levels during 
intermittent flooding are typically allowed to fall to 15 cm 
below the soil surface before starting another round of 
irrigation. AWD is typically characterised by several 
drainage events.

Mid-season Drainage (MSD): The rice paddy is drained only 
one time for around seven days. Intermittent flooding 
causes one single aeration event for an extended period. 



132 |   WATER AND CLIMATE CHANGE – INTERLINKAGES AND PROSPECTS FOR FUTURE ACTION

implementation. Water institutions might further develop 
and promote appropriate flooding regimes, policies and 
other instruments for enhancing water-efficiency, while  
reducing GHG emissions and improving climate resilience 
of rice cultivation (ibid.). At a local level, water user associa-
tions are important actors with a strong influence on culti
vation practices of farmers. In this connection, new flooding  
regimes could be promoted through education, awareness- 
raising, capacity building or incentives (Sithirith, 2017).  
In order to reduce the climate impact of rice cultivation, 

water institutions could support the co-management of  
different GHG emissions, water resources, and crop yields. 
The urgency to act upon this triple challenge facing rice 
cultivation requires more integrated assessments considering 
water use, N2O and CH4 emissions, and rice yields for  
different rice production systems on a global scale. Such  
holistic assessments are necessary to identify flooding  
regimes most promising to minimise both water use and 
GHG emissions in an integrated manner, while maintain-
ing yields. 



7.5	 References 

Arthington, A. H., Bhaduri, A., Bunn, S. E., Jackson, S. E., Tharme, R. E., Tickner, D., Young, B., Acreman, M., Baker,  
N., Capon, S., Horne, A. C., Kendy, E., McClain, M. E., LeRoy Poff, N., Richter, B. D. and Ward, S. (2018):  
The Brisbane declaration and global action agenda on environmental flows. Frontiers in Environmental Science, 6.  
DOI: 10.3389/fenvs.2018.00045.

Ballard, S., Porro, J., and Trommsdorff, C. (2018): The Roadmap to a Low-Carbon Urban Water Utility.  
An International Guide to the WaCCliM Approach. London, United Kingdom: IWA Publishing.

Barchiesi, S., Davies, P. E., Kulindwa, K.A.A., Lei, G., and Martinez Ríos del Río, L. (2018): Implementing environmental 
flows with benefits for society and different wetland ecosystems in river systems. Ramsar Policy Brief No. 4. Gland,  
Switzerland: Ramsar Convention Secretariat.

Bastviken, D., Tranvik, L. J., Downing, J. A., Crill, P. M., and Enrich-Prast, A. (2011): Freshwater methane emissions offset 
the continental carbon sink. Science, 331 (6013), 50. DOI: 10.1126/science.1196808

Beaulieu, J. J., DelSontro, T., and Downing, J. A. (2019): Eutrophication will increase methane emissions from lakes and 
impoundments during the 21st century. Nature communications, 10 (1), 1375. DOI: 10.1038/s41467-019-09100-5

Biederman, L. A., and Harpole, W. S. (2013): Biochar and its effects on plant productivity and nutrient cycling:  
a meta‐analysis. Bioenergy. GCB Bioengergy, 5, 202–214. DOI: 10.1111/gcbb.12037 

Bogner, J., Abdelrafie Ahmed, M., Diaz, C., Faaij, A., Gao, Q., Hashimoto, S., Mareckova, K., pipatti, R., and Zhang,  
T. (2007): Waste Management. In: Climate Change: Mitigation. Contribution of Working Group III to the Fourth  
Assessment Report of the Intergovernmental Panel on Climate Change by Metz, B., Davidson, O. R., Bosch, P. R.,  
Dave, R., and Meyer, L. A. (Eds.). Cambridge/New York: Cambridge University Press.

Bouwman, L., Goldewijk, K. K., Van Der Hoek, K. W., Beusen, A. H. W., Van Vuuren, D. P., Willems, J., Rufino,  
M. C., and Stehfest, E. (2013): Exploring global changes in nitrogen and phosphorus cycles in agriculture induced  
by livestock production over the 1900–2050 period. Proceedings of the National Academy of Sciences, 110 (52),  
20882-20887. DOI: 10.1073/pnas.1012878108 

Carlson, K. M., Gerber, J. S., Mueller, N. D., Herrero, M., MacDonald, G. K., Brauman, K. A., Havlik, P., O’Connell,  
C. S., Johnson, J. A., Saatchi, and S. West, P. C. (2016): Greenhouse gas emissions intensity of global croplands.  
Nature Climate Change, 7 (1), 63. DOI: 10.1038/NCLIMATE3158

Copeland, C., and Carter, N. T. (2017): Energy-Water Nexus: The Water Sector's Energy Use. Library of Congress.  
CRS Report for Congress, R43200. Congressional Research Service.

Cordell, D., Drangert, J. O., and White, S. (2009): The story of phosphorus: global food security and food for thought. 
Global environmental change, 19 (2), 292-305. DOI: 10.1016/j.gloenvcha.2008.10.009

Croitoru, L., and Sarraf, M. (Eds.). (2010): The cost of environmental degradation: case studies from the Middle East  
and North Africa. Washington, DC: The World Bank.

References

133CHAPTER 7    MITIGATION OF GREENHOUSE GASES THROUGH WATER   |      



Crump, J. (Ed.) (2017): Smoke on Water – Countering Global Threats From Peatland Loss and Degradation.  
A UNEP Rapid Response Assessment. United Nations Environment Programme and GRID-Arendal, Nairobi and Arendal, 
www.grida.no

Dargie, G. C., Lewis, S. L., Lawson, I. T., Mitchard, E. T., Page, S. E., Bocko, Y. E., and Ifo, S. A. (2017): Age, extent  
and carbon storage of the central Congo Basin peatland complex. Nature, 542 (7639), 86. DOI: 10.1038/nature21048 

Davidson, N. (2018): Wetland losses and the status of wetland-dependent species. In: Finlayson, M. C., Milton, g. R.,  
Prentice, r. C., and Davidson, N. C.(Eds.), The wetland book II: Distribution, description, and conservation (pp. 369-381). 
Dordrecht, Netherlands: Springer. DOI: 10.1007/978-94-007-4001-3_197

Davidson, N. C., van Dam, A. A., Finlayson, and C. M. and McInnes, R. J. (2019): Worth of wetlands:  
revised global monetary values of coastal and inland wetland ecosystem services. Marine and Freshwater Research, 70(8), 
1189-1194. DOI: 10.1071/MF18391 

Deemer, B. R., Harrison, J. A., Li, S., Beaulieu, J. J., DelSontro, T., Barros, N., Bezerra-Neto, J. F., Powers, S. M., dos Santos, 
M. A., and Vonk, J. A. (2016): Greenhouse gas emissions from reservoir water surfaces: a new global synthesis.  
BioScience, 66 (11), 949-964. DOI: 10.1093/biosci/biw117

DelSontro, T., Beaulieu, J., and Downing, J. (2018): Greenhouse gas emissions from lakes and impoundments:  
Upscaling in the face of global change. Limnology and Oceanography Letters, 3 (3), 64-75. DOI: 10.1002/lol2.10073

Draper, F. C., Roucoux, K. H., Lawson, I. T., Mitchard, E. T. A., Honorio Coronado, E. N., Lähteenoja, O., Torres  
Montenegro, L., Valderrama Sandoval, E., Zarate, R, and Baker, T. R. (2014): The distribution and amount of carbon  
in the largest peatland complex in Amazonia. Environmental Research Letters, 9 (12), 124017.  
DOI:10.1088/1748-9326/9/12/124017

Evers, S., Yule, C. M., Padfield, R., O'reilly, P., and Varkkey, H. (2017): Keep wetlands wet: the myth of sustainable  
development of tropical peatlands–implications for policies and management. Global change biology, 23 (2), 534-549.  
DOI: 10.1111/gcb.13422

Fernandez, J., Townsend-Small, A., Zastepa, A., Watson S., and Brandes, J. (2019): Large increases in emissions of methane  
and nitrous oxide from eutrophication in Lake Erie, bioRxiv. DOI: 10.1101/648154. 

Foley, J., de Haas, D., Yuan, Z. and Lant, P. (2010): Nitrous oxide generation in full-scale biological nutrient removal  
wastewater treatment plants. Water Research, 44 (3), 831-844. DOI: 10.1016/j.watres.2009.10.033

Gallego-Sala, A. V., Charman, D. J., Brewer, S., Page, S. E., Prentice, I. C., Friedlingstein, P. …, and Blyakharchuk, T. (2018): 
Latitudinal limits to the predicted increase of the peatland carbon sink with warming. Nature climate change, 8 (10), 907-
914. DOI: 10.1038/s41558-018-0271-1

Gerbens-Leenes, W., Hoekstra, A. Y., and van der Meer, T. H. (2009): The water footprint of bioenergy.  
Proceedings of the National Academy of Sciences, 106 (25), 10219-10223. DOI: 10.1073/pnas.0812619106

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., Pretty, J., Robinson, S., Thomas, S. 
M., and Toulmin, C. (2010): Food security: the challenge of feeding 9 billion people. Science, 327 (5967), 812-818.  
DOI: 10.1126/science.1185383

References

134 |   WATER AND CLIMATE CHANGE – INTERLINKAGES AND PROSPECTS FOR FUTURE ACTION

http://www.grida.no


Grant, S. B., Saphores, J. D., Feldman, D. L., Hamilton, A. J., Fletcher, T. D., Cook, P. L., Stewardson, M., Sanders,  
B. F., Levin, L. A., Ambrose, R. F., Deletic, A., Brown, R., Jiang, S. C., Rosso, D., Cooper, W. J., and Marusic, I. (2012):  
Taking the “waste” out of “wastewater” for human water security and ecosystem sustainability. Science, 337 (6095),  
681-686. DOI: 10.1126/science.1216852

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., Miteva, D. A., Schlesinger, W. H., Shoch, D., 
Siikamäki, J. V., Smith, P., Woodbury, P., Zganjar, C., Blackman, A., Campari, J., Conant, R. T., Delgado, C., Elias, P., 
Gopalakrishna, T., Hamsik, M. R., Herrero, M., Kiesecker, J. Landis, E., Laestadius, L., Leavitt, S. M., Minnemeyer, S., 
Polasky, S., Potapov, P., Putz, F. E., Sanderman, J., Silvius, M., Wollenberg, E., and Fargione, J. (2017): Natural climate  
solutions. Proceedings of the National Academy of Sciences, 114 (44), 11645-11650. DOI: 10.1073/pnas.1710465114

Gumbricht, T., Roman‐Cuesta, R. M., Verchot, L., Herold, M., Wittmann, F., Householder, E., Herold, N., and Murdiyarso, 
D. (2017): An expert system model for mapping tropical wetlands and peatlands reveals South America as the largest  
contributor. Global Change Biology, 23 (9), 3581-3599. DOI: 10.1111/gcb.13689

Hering, J. G., Waite, T. D., Luthy, R. G., Drewes, J. E., and Sedlak, D. L. (2013): A changing framework for urban  
water systems. Water Science and Technology, 47, 10721-10726. DOI: 10.1021/es400709

IEA (International Energy Agency) (2016): Water Energy Nexus. Excerpt from the World Energy Outlook 2016. 

IEA (International Energy Agency) (2018). Outlook for Producer Economies, Paris: IEA.  
https://www.iea.org/reports/outlook-for-producer-economies

IPCC (Intergovernmental Panel on Climate Change) (2006): IPCC Guidelines for National Greenhouse Gas Inventories. 
Geneva, Swizerland: IPCC.

IPCC (Intergovernmental Panel on Climate Change) (2013): Climate Change 2013: The Physical Science Basis. Contribu-
tion of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change by Stocker, 
T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M. (Eds.). 
Cambridge/New York: Cambridge University Press.

IPCC (Intergovernmental Panel on Climate Change) (2014): 2013 Supplement to the 2006 IPCC Guidelines for National 
Greenhouse Gas Inventories: Wetlands by Hiraishi, T., Krug, T., Tanabe, K., Srivastava, N., Baasansuren, J., Fukuda, M., 
and Troxler, T.G. (Eds). Switzerland: IPCC.

IPCC (Intergovernmental Panel on Climate Change) (2018): Annex I: Glossary by Matthews, J.B.R. (Ed.). In: Global  
Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C above pre-industrial levels and 
related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat of cli-
mate change, sustainable development, and efforts to eradicate poverty by Masson-Delmotte, V., P. Zhai, H.-O. Pörtner, D. 
Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. 
Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, and T. Waterfield (Eds.). Switzerland: IPCC.

IPCC (Intergovernmental Panel on Climate Change) (2019): 2019 Refinement to the 2006 IPCC Guidelines for National 
Greenhouse Gas Inventories by Calvo Buendia, E., Tanabe, K., Kranjc, A., Baasansuren, J., Fukuda, M., Ngarize, S., Osako, 
A., Pyrozhenko, Y., Shermanau, P., and Federici, S. (Eds). Switzerland: IPCC.

References

135CHAPTER 7    MITIGATION OF GREENHOUSE GASES THROUGH WATER   |      

https://www.iea.org/reports/outlook-for-producer-economies


Izquierdo, A. E., Grau, H. R., Carilla, J., and Casagranda, E. (2015): Side effects of green technologies:  
the potential environmental costs of Lithium mining on high elevation Andean wetlands in the context of climate change.  
Global Land Project: GLP News, 12, 53-56.

Joosten H. (2015): Peatlands, climate change mitigation and biodiversity conservation. An issue brief on the importance  
of peatlands for carbon and biodiversity conservation and the role of drained peatlands as greenhouse gas emission 
hotspots. Nordic Council of Ministers.

Joosten, H., Couwenberg, J., and Von Unger, M. (2016). International carbon policies as a new driver for peatland  
restoration. In: Bonn, A., Allott, T., Evans, M., Joosten, H., and Stoneman, R. (Eds.): Peatland restoration and ecosystem 
services: Science, policy and practice, pp. 291-313. Cambridge: Cambridge University Press/ British Ecological Society

Kritee, K., Rudek, J., Hamburg, S. P., Adhya, T. K., Loecke, T., and Ahuja, R. (2018): Reply to Yan and Akiyama:  
Nitrous oxide emissions from rice and their mitigation potential depend on the nature of intermittent flooding.  
Proceedings of the National Academy of Sciences, 115 (48), 11206-11207. DOI: 10.1073/pnas.1816677115

Lähteenoja, O, Page, S. (2011): High diversity of tropical peatland ecosystem types in the Pastaza-Maraón basin,  
Peruvian Amazonia. Journal of Geophysical Research, 16, G02025.  DOI: 10.1029/2010JG001508

Larsen, T. A., Hoffmann, S., Lüthi, C., Truffer, B., and Maurer, M. (2016): Emerging solutions to the water challenges  
of an urbanizing world. Science, 352 (6288), 928-933. DOI: 10.1126/science.aad8641 

Leifeld, J., and Menichetti, L. (2018): The underappreciated potential of peatlands in global climate change mitigation 
strategies. Nature communications, 9, 1071. DOI: 10.1038/s41467-018-03406-6

Li, W. W., Yu, H. Q., and Rittmann, B. E. (2015): Reuse water pollutants. Nature News, 528 (7580), 29.  
DOI: 10.1038/528029a

Liu, F., Ouedraogo, A., Manghee, S., and Danilenko, A. (2012): A primer on energy efficiency for municipal water  
and wastewater utilities. Washington DC: The World Bank. 

Lunt, P., Allot, T., Anderson, P., Buckler, M., Coupar, A., Jones, P., Labadz, J., and Worrall, P. (2010): Peatland restoration. 
Scientific Review commissioned by IUCN UK Peatland Programme Commission of Inquiry into Peatland Restoration,  
Edinburgh, UK.

McCarty, P. L., Bae, J., and Kim, J. (2011): Domestic wastewater treatment as a net energy producer – Can this be achieved? 
Environmental Science and Technology, 45 (17), 7100-7106. DOI: 10.1021/es2014264

Mekonnen, M. M., Gerbens-Leenes, P. W., and Hoekstra, A. Y. (2015): The consumptive water footprint of electricity  
and heat: a global assessment. Environmental Science: Water Research and Technology, 1 (3), 285-297.  
DOI: 10.1039/C5EW00026B

Mishra, V., Asoka, A., Vatta, K., and Lamm, U. (2018): Groundwater Depletion and Associated CO2 Emissions in India. 
Earth's Future, 6. DOI: 10.1029/2018EF000939

References

136 |   WATER AND CLIMATE CHANGE – INTERLINKAGES AND PROSPECTS FOR FUTURE ACTION



Mitsch, W. J.; Bernal, B., Nahlik, A. M., Mander, Ü., Zhang, L., Anderson, C. J., Jørgensen, S. E., and Brix, H. (2011):  
Wetlands, carbon, and climate change. Landscape Ecology, 28 (4), 583-597. DOI 10.1007/s10980-012-9758-8

Moomaw, W. R., Chmura, G. L., Davies, G. T., Finlayson, C. M., Middleton, B. A., Natali, S. M., Perry, J. E., Roulet, N. 
and Sutton-Grier, A. E. (2018): Wetlands in a changing climate: science, policy and management. Wetlands, 38 (2),  
183-205. DOI: 10.1007/s13157-018-1023-8

Muller, M. (2019): Dams have the power to slow climate change. Nature, 566 (7744), 315-317. DOI: 10.1038/d41586-019-
00616-w 

Murray, R., Erler, D., Rosentreter, J., Wells, N., and Eyre, B. (2019): Seasonal and spatial controls on N2O concentrations 
and emissions in low-nitrogen estuaries: Evidence from three tropical systems. Marine Chemistry, 221. DOI: 10.1016/j.
marchem.2020.103779 

OECD (Organisation for Economic Co-operation and Development) (2019): Purpose codes list for 2019 reporting on 2018 
flows. https://www.oecd.org/dac/financing-sustainable-development/development-finance-standards/DAC-CRS-PPC-2019.xls

Page, S., Hosciło, A., Wösten, H., Jauhiainen, J., Silvius, M., Rieley, J., Ritzema, H., Tansey, K., Graham, L. L. B.,  
Vasander, H., and Limin, S. (2009): Restoration ecology of lowland tropical peatlands in Southeast Asia: current knowledge 
and future research directions. Ecosystems, 12 (6), 888-905. DOI: 10.1007/s10021-008-9216-2

Paolini, V., Petracchini, F., Segreto, M., Tomassetti, L, Naja, N., and Cecinato, A. (2018): Environmental impact of biogas:  
A short review of current knowledge, Journal of Environmental Science and Health, Part A, 53 (10), 899-906, DOI: 
10.1080/10934529.2018.1459076

Petrescu, A. M. R.; A. Lohila, J. P. Tuovinen, D. D. Baldocchi, A. R. Desai, N. T. Roulet, T. Vesala, A. J. Dolman, W. C. 
Oechel,B. Marcolla, T. Friborg, J. Rinne, J. H. Matthes, L. Merbold, A. Meijide, G. Kiely, M. Sottocornola, T. Sachs, D. 
Zona, A. Varlagin, D. Y. F. Lai, D., E. Veenendaal, F-J., W. Parmentier, U. Skiba, M. Lund, A. Hensen, J. van Huissteden, L. 
B. Flanagan, N. J. Shurpali, T. Grünwald, E. R. Humphreys, M. Jackowicz-Korczyński, M.A. Aurela, T. Laurila, C. 
Grüning, C. A. R. Corradi, C.A. P. Schrier-Uijl, T. R. Christensen, M. P. Tamstorf, M. Mastepanov, P. J. Martikainen, S. B. 
Verma, C. Bernhofer and A. Cescatti (2015): The uncertain climate footprint of wetlands under human pressure.  
In: Proceedings of the National Academy of Sciences 112 (15), 4594−4599. DOI: 10.1073/pnas.1416267112

Posa, M. R. C., Wijedasa, L. S., and Corlett, R. T. (2011): Biodiversity and conservation of tropical peat swamp forests.  
BioScience, 61 (1), 49-57. DOI: 10.1525/bio.2011.61.1.10

Prairie, Y., Alm, J., Beaulieu, J., Barros, N., Battin, T., Cole, J., Giorgio, P., DelSontro, T., Guérin, F., Harby, A., Harrison, J., 
Mercier-Blais, S., Serça, D., Sobek, S., and Vachon, D. (2018): Greenhouse Gas Emissions from Freshwater Reservoirs: 
What Does the Atmosphere See? Ecosystems, 21, 1058-1071 DOI: 10.1007/s10021-017-0198-9

Ramsar Convention on Wetlands (2018): Global Wetland Outlook: State of the World’s Wetlands and their Services to  
People. Gland, Switzerland: Ramsar Convention Secretariat.

Ramsar Convention Secretariat (2018): Wetland Restoration for Climate Change Resilience. Ramsar Briefing Note 10. 
https://www.ramsar.org/sites/default/files/documents/library/bn10_restoration_climate_change_e.pdf 

References

137CHAPTER 7    MITIGATION OF GREENHOUSE GASES THROUGH WATER   |      

https://www.oecd.org/dac/financing-sustainable-development/development-finance-standards/DAC-CRS-PPC-2019.xls
https://www.ramsar.org/sites/default/files/documents/library/bn10_restoration_climate_change_e.pdf


Raptis, C. E., van Vliet, M. T., and Pfister, S. (2016): Global thermal pollution of rivers from thermoelectric power plants. 
Environmental Research Letters, 11 (10), 104011. DOI: 10.1088/1748-9326/11/10/104011

Rothausen, S. G., and Conway, D. (2011): Greenhouse-gas emissions from energy use in the water sector. Nature Climate 
Change, 1 (4), 210-219. DOI: 10.1038/nclimate1147

Roucoux, K. H. Lawson, I. T., Baker, T. R., Del Castillo Torres, D., Draper, F. C., Lähteenoja, O., Gilmore, M. P., Honorio 
Conorado, E. N., Kelly, T. J., Mitchard, E. T. A., and Vriesendorp, C. F. (2017): Threats to intact tropical peatlands and 
opportunities for their conservation. Conservation Biology, 31 (6), 1283-1292 DOI: 10.1111/cobi.12925.

Sanches, L., Guenet, B., Marinho, C., Barros, N., and De Assis Esteves, F. (2019): Global regulation of methane emission 
from natural lakes. Scientific Reports, 9, 255, DOI: 10.1038/s41598-018-36519-5

Sander, B-O., Wassmann, R., and Siopongco, J., (2016): Mitigating Greenhouse Gas Emissions from Rice Production 
through Water-Saving Techniques: Potential, Adoption and Empirical Evidence. In: Hoanh, C., Smakhtin, V., Johnston, R. 
(Eds.), CAP International 2016. Climate Change and Agricultural Water Management in Developing Countries. CABI Cli-
mate Change Series. Wallingford, United Kingdon: CABI.

Sithirith, M. (2017): Water governance in Cambodia: From centralized water governance to farmer water user community. 
Resources, 6 (3), 44. DOI: 10.3390/resources6030044  
 
Turetsky, M. R., Kotowska, A., Bubier, J., Dise, N. B., Crill, P., Hornibrook, E. R., Minkkinen, K., Moore, T. R., Myers-
Smith, I. H., Nykanen, H., Olefeldt, D., Rinne, J., Saarnio, S., Shurpali, N., Tuittila, E., Waddington, J. M., White, J. R., 
Wickland, K. P., and Wilmking, M. (2014): A synthesis of methane emissions from 71 northern, temperate, and  
sub-tropical wetlands. Global change biology, 20 (7), 2183-2197. DOI: 10.1111/gcb.12580

Umweltbundesamt (2019): Factsheet Moore. Deutsche Emissionshandelsstelle (DEHSt) im Umweltbundesamt. 
https://www.dehst.de/SharedDocs/downloads/DE/publikationen/Factsheet_Moore.pdf?__blob=publicationFile&v=6 

UNEP (United Nations Environment Programme) (2016): A Snapshot of the World’s Water Quality:  
Towards a global assessment. United Nations Environment Programme, Nairobi, Kenya. 162pp.

USEPA (United States Environmental Protection Agency) (2019): Inventory of U.S. Greenhouse Gas Emissions and Sinks: 
1990-2019, EPA 430-R-19-001. Washington, D.C, USA: United States Environmental Protection Agency.

Van Groenigen, K. J., Van Kessel, C., and Hungate, B. A. (2013): Increased greenhouse-gas intensity of rice production 
under future atmospheric conditions. Nature Climate Change, 3 (3), 288-291. DOI: 10.1038/nclimate1712

Vörösmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P., Glidden, S., Bunn, S. E., Sullivan, 
C. A., Liermann, C. R., and Davies, P. M. (2010): Global threats to human water security and river biodiversity. Nature, 
467 (7315), 555-561. DOI: 10.1038/nature09440

Wang, X., Daigger, G., Lee, D. J., Liu, J., Ren, N. Q., Qu, J., Liu, G., and Butler, D. (2018): Evolving wastewater  
infrastructure paradigm to enhance harmony with nature. Science advances, 4 (8), eaaq0210. DOI: 10.1126/sciadv.aaq0210

References

138 |   WATER AND CLIMATE CHANGE – INTERLINKAGES AND PROSPECTS FOR FUTURE ACTION

https://www.dehst.de/SharedDocs/downloads/DE/publikationen/Factsheet_Moore.pdf?__blob=publicationFile&v=6


WHO, UNICEF (2019): Joint Monitoring Programme: Progress on household drinking water, sanitation and hygiene 
2000-2017. Special focus on inequalities.

Wichtmann, W., Schröder, C., and Joosten, H. (Eds.). (2016): Paludiculture – productive use of wet peatlands,  
climate protection – biodiversity – regional economic benefits. Stuttgart, Germany: Schweizerbart Science Publishers.

Winemiller, K. O., McIntyre, P. B., Castello, L., Fluet-Chouinard, E., Giarrizzo, T., Nam, S., ... , and Stiassny, M. L. J. 
(2016): Balancing hydropower and biodiversity in the Amazon, Congo, and Mekong. Science, 351 (6269), 128-129.  
DOI: 10.1126/science.aac7082

Woldetsadik, D., Drechsel, P., Marschner, B., Itanna, F., and Gebrekidan, H. (2017): Effect of biochar derived from faecal  
matter on yield and nutrient content of lettuce (Lactuca sativa) in two contrasting soils. Environmental Systems Research 6 
(2), 1-12. DOI: 10.1186/s40068-017-0082-9 

Wu, X., Wang, W., Xie, X., Yin, C., Hou, H., Yan, W., and Wang, G. (2018): Net global warming potential and greenhouse 
gas intensity as affected by different water management strategies in Chinese double rice-cropping systems.  
Scientific reports, 8 (1), 779-788. DOI: 10.1038/s41598-017-19110-2

WWAP (United Nations World Water Assessment Programme). (2014):  
The United Nations World Water Development Report 2014: Water and Energy. Paris: UNESCO.

WWAP (United Nations World Water Assessment Programme). (2017):  
The United Nations World Water Development Report 2017: Wastewater, The Untapped Resource. Paris: UNESCO.

Yang, W., Sun, T., and Yang, Z. (2016): Does the implementation of environmental flows improve wetland ecosystem  
services and biodiversity? A literature review. Restoration Ecology, 24 (6), 731-742. DOI: 10.1111/rec.12435

Zhang, Z.; Zimmermann, N. E., Stenke, A., Li, X., Hodson, E. L., Zhu, G., Huang, C., and B. Poulter (2017):  
Emerging role of wetland methane emissions in driving 21st century climate change. In: Proceedings of the  
National Academy of Sciences, 114 (36), 9647−9652. DOI: 10.1073/pnas.1618765114 

Zhu, Q., Peng, C., Liu, J., Jiang, H., Fang, X., Chen, H., Niu, Z., Gong, P., Lin, G., Wang, M., Wang, H., Yang, Y., Chang, 
J., Ge, Y., Xiang, W., Deng, X., He, .. (2016): Climate-driven increase of natural wetland methane emissions offset by 
human-induced wetland reduction in China over the past three decades. Scientific Reports 6, 38020.  
DOI: 10.1038/srep38020 

Ziv, G., Baran, E., Nam, S., Rodríguez-Iturbe, I., and Levin, S. A. (2012): Trading-off fish biodiversity, food security,  
and hydropower in the Mekong River Basin. Proceedings of the National Academy of Sciences, 109 (15), 5609-5614.  
DOI: 10.1073/pnas.1201423109 

References

139CHAPTER 7    MITIGATION OF GREENHOUSE GASES THROUGH WATER   |      


