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Following the 2007–2008  and 2011 food price crises, renewed 
concerns over food security have surfaced, in both middle- and 
high-income regions. In response, the commercial pressures on 

land are increasing globally1,2. Meanwhile access to water is a con-
cern, with an ever-increasing number of people affected by water 
shortages3. Energy demand is projected to grow by one-third by 
2035,  and the prospects for achieving this growth while keeping 
global temperature increases below 2 °C are looking progressively 
slimmer4. This suggests that efficient management and use of these 
resources will be of utmost importance in the coming decades.

At the same time these resources are an integral part of the devel-
opment challenge. Close to one billion people are undernourished 
and another billion are malnourished. At present 1.2 billion people 
live in areas where there is physical water shortage, a number that 
is expected to grow in coming decades3. A further 1.6 billion people 
suffer from economic water shortages, where the infrastructure to 
deliver clean water is not in place. Energy access is also far from uni-
versal, with 1.3 billion people living without access to electricity4 and 
2.7 billion with no access to modern and healthy forms of cooking.

A key element in management of the land, water and energy 
systems is that they are inextricably linked. Agriculture alone 
accounts for 70% of global water withdrawals and industry for 
another 22%, most of which is for cooling thermal processes in 
power generation and manufacturing5. Land is used to grow feed-
stocks for biofuels production, and over the 2008–2018 period bio-
fuel may account for about half of the global increase in demand for 
maize and wheat and a third of the increase in demand for oil seeds6. 
By 2030 the area of land devoted to biofuel feedstock is estimated to 
be 37 million hectares (ref. 7). Water delivery, transportation and 
treatment are consumers of energy, and the expanding practice of 
water desalination is highly energy-intensive. Energy is also needed 
to produce fertilizer and to prepare land, harvest crops, and dry and 
process agricultural produce.
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Land, energy and water are our most precious resources, but the manner and extent to which they are exploited contributes to 
climate change. Meanwhile, the systems that provide these resources are themselves highly vulnerable to changes in climate. 
Efficient resource management is therefore of great importance, both for mitigation and for adaptation purposes. We postulate 
that the lack of integration in resource assessments and policy-making leads to inconsistent strategies and inefficient use of 
resources. We present CLEWs (climate, land-use, energy and water strategies), a new paradigm for resource assessments that 
we believe can help to remedy some of these shortcomings.

Current assessment practices
The information above points to a need for systematic national-level 
integrated assessments, but this is not standard practice. Integrated 
environmental assessments are not uncommon, and the practice 
of project-level assessment is now almost universal and manda-
tory in most countries and sectors8, but they typically occur at a 
level of detail that is of limited use for policymakers at the national 
level. National assessments of land-use, energy and water are often 
carried out in isolation by separate and disconnected institutional 
entities. An institution whose main responsibility lies in the man-
agement of water resources is likely to treat food and energy sys-
tems mainly as end users9. A food and agriculture assessment might 
see energy and water as inputs10–12, whereas energy assessments are 
likely to treat biomass and water as resources. (Many energy assess-
ments fail to consider water at all.) A stylized summary of current 
assessment practices can be found in Table 1.

Although the lack of integrated assessments at the national level 
has been noted in recent literature13, increasingly more inclusive 
approaches are being developed (for example bio-energy14, diet15, 
water16 and land17). A comprehensive review of integrated assess-
ments is provided by Pollit et al.18. That work notes both the strides 
made and the potential for further development of integrated 
assessment models. Integrated assessments have tended to tackle 
regional and global questions, often related to trans-boundary pol-
lution. Owing to the volume of analysis, these have been designed 
in a focused and disciplinarily idiosyncratic manner. As the 
respective fields are moving, advancements encourage exclusive 
strategically selective focus or wholesale reworking of individual 
assessment methods, which in turn need to be reintegrated. The 
International Atomic Energy Agency (IAEA)19 suggests developing 
stylized general approaches to various integrated assessments 
that focus at the national level, integrated existing knowledge 
and approaches.
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The implication is that important interactions between the 
resource systems might be missed that could have unintended con-
sequences. This could lead to incoherent policy-making, where a 
strategy or policy implemented in one area undermines a policy 
goal in another. For instance, the strong drive by many governments 
to promote biofuels over the past decade did not foresee the full 
impact of rapid biofuel expansion on land and food markets, nor 
the potentially adverse consequences of land-use change associated 
with the expansion of biofuel production on the emissions of green-
house gases (GHGs)20,21. The latter effect directly counteracted one 
of the main objectives of the policy. A more integrated assessment 
across resource systems might have alerted policymakers to these 
pitfalls and led to policies that had better safeguards. Conversely, 
there might be considerable co-benefits across systems for certain 
plans or policies. An integrated assessment method that can capture 
the vulnerability of the agricultural, water supply and energy sec-
tors to changes in rainfall patterns is better positioned to assess the 
robustness of a given policy or strategy. It is therefore possible to 
study potential conflicts or co-benefits not only with respect to the 
management of the three resource systems but also between climate 
change mitigation and adaptation.

The road to and from Rio
The Agenda 21 action plan for sustainable development was adopted 
by more than 178 governments at the United Nations Conference 
on Environment and Development (UNCED)22, in Rio de Janeiro 
in 1992.  It outlined actions to be taken by governments and UN 
organizations as well as civil society. Later that year, the United 
Nations Commission on Sustainable Development (UNCSD) was 

created to ensure effective follow-up of UNCED, and to moni-
tor and report on implementation of the agreements at the local, 
national, regional and international levels.

Agenda 21 highlighted the need for integrated assessment, 
and later work has supported the idea that current practices are 
not sufficient to support the decision-making process and help 
to ensure sustainable development and future access to food, 
water and energy23–25. To address this, the need for an integrated 
framework to assess climate, land-use, energy and water strategies 
(CLEWs) emerged from side events dedicated to this topic at recent 
UNCSDs. Of the most recent work, that introduced by the govern-
ment of Mauritius26 is highlighted in the case study reported below.  
The CLEWs framework featured in several events at Rio+20 (refs 
27–29). At that meeting, the Mauritian government went further 
and declared30 to the general debate that its ‘… government program 
for 2012–2015 provides for the appointment of a high-level CLEWs 
panel which will ensure an integrated approach to all policies related 
to Climate, Land-use, Energy and Water strategies’ based in part on 
findings and utility of work that we now describe.

The CLEWS framework
The idea behind the CLEWS framework is simple: land, energy and 
water resource systems are highly integrated, and any assessment 
of these resources should ideally treat them as such. Rather than 
developing a new fully integrated analysis tool we draw on exist-
ing well-tested assessment methodologies for each of the three 
resources and integrate aspects of these. A module-based approach 
is adopted, where data are passed between sectoral models in an 
iterative fashion. A key to this approach is to identify the points 
at which the resource systems interact and to establish appropri-
ate data exchanges between the modules (that is, water require-
ments in the land-use and energy systems; energy needs for water 
supply and land-use; and land requirements for energy and water 
infrastructure). We then introduce a process where data for these 
intersection points are exchanged between modules. The output 
from one module forms the input for the two others, which then 
are solved sequentially and each pass data back to the two other 
models. This process is repeated through a series of iterations until 
a convergent solution is found. An example of a CLEWS schematic 
is shown in Fig. 1.

The water and land-use models are calibrated using future expec-
tations of rainfall and other parameters, which can be based on 
outputs from climate models. This allows the simultaneous explo-
ration of the relationships and interdependencies of these resource 
systems, and the trade-offs and co-benefits between mitigation and 
adaptation strategies.

An advantage of relying on previously established modelling 
methodologies is that the cost in effort and resources of introducing 
the framework is lower than if one were to build a fully integrated 
model from scratch. Furthermore, it makes it easy to bring together 

Table 1 | Stylized review of integrated assessment practices.

Subnational National Regional and global

Project EIA, ESIA, almost universal and mandatory Ad hoc IA of cross-border projects

Programme Isolated examples SEA mandatory in Europe and 
selected other countries; CADO 
in selected developing countries

EIA and PIA by UN, development banks and global funds 
IA by OECD, UNEP, G20Policy

Sector Conventional sectoral planning Conventional energy and 
infrastructure planning

Many energy, land-use and water models

Multisector Significant number of academic applications Few examples. CLEWS Moderate number of IAs

The darker the shading, the more commonly used across the world. CADO, comparative assessment of development options; CBA, cost–benefit analysis; EIA, environmental impact assessment; ESIA, 
environmental and social impact analysis; HIA, health impact assessment; IA, integrated assessment; PIA, poverty impact assessment; SEA, strategic environmental assessment; SIA, social impact analysis. 
Based on UNESCAP54 and OECD55.
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Figure 1 | The CLEWS framework. The framework integrates LEAP 
(Long-range Energy Alternatives Planning tool by SEI), WEAP (Water 
Evaluation and Planning tool by SEI) and AEZ (Agro-Ecological Zoning by 
IIASA and FAO) models with climate change scenarios.
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experts from the various disciplines to work together. Departments, 
ministries or institutions can participate in collaborative work, with 
each participant contributing with their already established tools 
and expertise. This greatly reduces learning curves and allows for 
better use of already acquired knowledge and experience. An extra 
benefit of modularity is that the individual components can still 
be run individually. This means that any improvements or updates 
made to them during the course of a CLEWS study can still be 
applied when the models are run separately. Furthermore, it allows 
users to check the impact of the integration by comparing model 
behaviour in integrated mode against stand-alone mode.

Flows of energy, water and agricultural products may well cross 
the study boundary, leading to potential feedback outside this 
boundary. Changes in import or export of agricultural commodi-
ties, for instance, might lead to changes in the prices of those com-
modities, inducing changes in production elsewhere. If the area of 
study or the change in resource flow is small compared with the 
overall size of the market, these feedback effects might be negligible. 
But if they are not, there may be a need to develop parallel models 
that are broader in geographical scope, or to adopt a simpler repre-
sentation through elasticities of demand and supply based on avail-
able literature. 

Although we suggest that this work provides a step forward for 
practical integrated systematic analysis, many issues remain unad-
dressed. Without quantification and valuation of ecosystem services 
it is difficult to assess, for example, the impact of cropping practice 
on loss of biodiversity. The expansion of agriculture into natural 
habitats and the adoption of monoculture, along with other man-
agement practices, have had a detrimental impact on biodiversity31. 
Loss of biodiversity may have severe long-term effects on a wide 
range of natural ecosystem services, which in turn have effects on 
freshwater resources, soil health, and climate variability and change. 
As Rockström et al.32 state, “We can say with some confidence that 
Earth cannot sustain the current rate of loss without significant 
erosion of ecosystem resilience.” Biodiversity considerations were 
not part of the research carried out so far. This and other impor-
tant interwoven systems and resources will, however, provide useful 
challenges to tackle as the art of assessments is taken forward.

CLEWS in Mauritius
The Republic of Mauritius is a small island nation in the Indian 
Ocean, with a population of 1.3 million people. It covers an area of 
1,865 km2 and is situated in the tropical climate zone. The country 
has achieved rapid growth and economic diversification over recent 
decades and is now an upper-middle-income nation. We selected 
Mauritius as our first CLEWS case study because the island is facing 
decreasing water availability and is vulnerable to climate change. The 
agricultural sector contributes significantly to the country’s export 
earnings through sugar sales to Europe. Furthermore, it is a priority 
for the country to reduce its dependence on energy imports, and at 
the same time the government has stated its aim to reduce anthro-
pogenic greenhouse gas emissions.

Sugarcane plantations cover 80–90% of cultivated land on the 
island. The sugar business has been an important contributor to the 
economy and a key source of export and foreign exchange earnings. 
Mauritian sugar exporters have, however, recently lost the preferen-
tial access to the EU market they used to enjoy under the ACP sugar 
protocol. The protocol gave them fixed quotas at guaranteed internal 
(subsidized) prices. This arrangement has ended, and Mauritian pro-
ducers are now exposed to a more competitive and volatile market.

The question has therefore been raised of whether it would be 
in the national interest to promote a local biofuel industry. This 
implies diverting sugar cane produced on the island away from 
export markets towards domestic processing into ethanol for sale 
as a motor fuel. The country would concede losses in export earn-
ings from sugar trade in order to reduce the reliance on petro-
leum fuel imports. Reduced imports of petroleum would improve 
energy independence and reduce petroleum import costs as well 
as GHG emissions. Whether or not this strategy is favourable 
depends on the cost of domestic sugar ethanol production, general 
income and socio-economic benefits, the price spread between 
petroleum and sugar, and the value placed on energy security and 
GHG emission reductions—as well as unintended and unforeseen 
secondary impacts.

To asses this policy with a CLEWS approach, an analytical 
framework based on the Agro-Ecological-Zoning (AEZ) land-use33, 
LEAP energy and WEAP water modelling tools was developed with 
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Figure 2 | The impact of transforming two sugar-processing plants to produce second-generation ethanol in Mauritius (projections for 2030).  
a, Fuel imports compared with the baseline (in 1,000 GJ). The import dependence decreases. Imports of petroleum are reduced as ethanol replaces it as 
a motor fuel. Some bagasse (a sugarcane by-product) is diverted from electricity generation to ethanol production. This needs to be compensated for by 
increased imports of coal. b, GHG emissions compared with the baseline (in tonnes of CO2 equivalent; CO2 e). Total GHG emissions are reduced. Tailpipe 
and upstream emissions are reduced as petroleum is replaced by ethanol. The increased use of fossil fuels (in place of bagasse) for electricity generation 
results in lower overall emissions. c, Estimated expenditure compared with baseline (in 2005 US$1,000). Ethanol production has economic consequences. 
As some of the sugar is converted to ethanol, the expenditures for sugar refining and petroleum imports are reduced. This outweighs the reduced earnings 
from sugar export and the costs associated with ethanol production and the increase in coal imports.
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that investments have been made in flexible plants capable of this 
switch. Consequently, the decision to develop ethanol production 
capacity does not lock producers out of the sugar market during 
times when sugar prices are high.

In recent years, lower rainfall has led to water shortages on the 
island. The government has responded with policies to conserve 
water and introduce water desalination. If the reductions in precipi-
tation continue in the longer term, the benefits and viability of the 
biofuel policy could be at risk. To explore this possibility, four gen-
eral circulation models (GCMs: HadCM3, ref. 35; ECHAM4, ref. 36; 
CSIRO, refs 37,38; and CGCM2, ref. 39) that produce the necessary 
output to undertake AEZ29 and WEAP analysis were used to cali-
brate rainfall pattern changes for all IPCC scenarios (A1 to B2)40. 
Noting that nine out of the ten predictions indicate a decrease in 
rainfall for Mauritius, a ‘worst-case’ scenario was developed based 
on the largest average monthly drop in rainfall. The adjusted rainfall 
patterns were used as model input to test how the policy performed 
under these conditions. The results are shown in Figs 3 and 4.

With lower rainfall, more water needs to be supplied through 
irrigation to maintain sugar cane production. This leads to higher 
withdrawals of water from rivers, dams and aquifers. The increased 
withdrawals of less plentiful surface water leads to a gradual draw-
down of storage levels in reservoirs (Fig. 4). 

The increase in water withdrawals also leads to higher demand 
for energy to drive pumps to bring the water from its source to the 
fields and to power water desalination plants. A positive feedback 
loop means that this leads to increased demand for cooling of ther-
mal power plants and thus additional withdrawals of water (unless 
they are cooled by sea water). If the increase in electricity demand 
is met with coal-fired power generation as planned, then the GHG 
benefits of the ethanol policy are eroded by increased emissions 
from the power sector. Higher coal imports also have a negative 
impact on energy security. The benefits of this policy—which aimed 
to reduce energy import costs and emissions—are thus clearly vul-
nerable to the impacts of climate change, and the long-term viability 
of this strategy would be at risk if rainfall were to decrease further 
and droughts continue. In this event, producers would either have 
to scale back production or resort to expensive water desalination. 
Both of these options negatively affect the expected climate and 
energy security benefits of the policy, and both would be detrimen-
tal to the sugar and ethanol industry.

The water-constrained scenario does, however, also lead to better 
prospects for renewable electricity generation. Wind and photovol-
taic electricity generation is typically much less water-intensive than 
fossil fuel generation. Furthermore, if power consumption for water 
desalination facilities makes up a significant share of total system 
load, intermittent resources such as wind could be integrated more 
easily. Because water storage is cheap and easy, it is not important 
that it is produced at a specific time. It could therefore be treated as 
an interruptible load and shut down in the event that wind genera-
tion is unavailable during times of high system load. 

Lessons learned
Four key insights were gained through this work. The first is that 
this type of integrated assessment is imminently achievable, thanks 
to the availability of highly adaptable and configurable tools. A 
wide range of tools are available that could be used for CLEWS 
assessments, and users should be able to adopt a set of tools that 
are appropriate for their requirements. Second, although achiev-
able, the process of integrating individual tools into a module-based 
framework requires considerable effort to ensure compatibility and 
efficient data transfer. A third insight is that fully integrated assess-
ments may not always be fully compatible with the expediency 
that is sometimes required in policy analysis. The time required to 
develop and integrate the framework does not allow fast turnaround 
projects. Even when the framework is already set up, the iteration 

local analysts. The models were calibrated using the recent data and 
various scenario assumptions and subsequently linked (more detail 
is available in the Supplementary Information).

An integrated ‘baseline’ scenario consistent with national plans 
was developed to act as a reference point for the scenario-based 
analysis. This reference case assumes that Mauritian sugar exporters 
gradually lose market share to lower-cost producers but are able to 
find sufficient markets to maintain current production levels. Sugar 
cane thus remains the dominant crop grown on the island and sugar 
the mainstay of export agriculture. Water supply relies mainly on 
withdrawals of surface water and groundwater, with groundwater 
extraction being limited by concerns over potential saline intru-
sion into aquifers if they are depleted. If demand exceeds the sup-
ply of surface and groundwater, the shortfall will have to be met 
by desalination of sea water. Some resorts and hotels have already 
adopted this strategy and invested in small-scale water desalination 
facilities. This displaces water withdrawals from rain-fed basins, 
freeing it up for use elsewhere, such as irrigation. For the baseline 
scenario, the national investment plan for the power sector was 
adopted, envisaging continued reliance on coal-fired generation to 
meet future growth in demand. This is estimated to be the lowest-
cost supply option for Mauritius34. Investment in renewable elec-
tricity generation has so far been limited by concerns over costs 
and the integration of intermittent power supply into a grid with 
few dispatchable assets (generation resources whose output can be 
adjusted on demand). Weather patterns were assumed to follow 
recent trends.

In the first set of scenarios, the integrated effects of a strategy to 
begin production of bioethanol from sugar were evaluated. Given 
the history of sugar production in Mauritius and the fact that 
sugar-based ethanol is typically the lowest-cost biofuel, no alterna-
tive biofuel feedstock was considered in the scenario analysis. The 
introduction of bioethanol production involved the conversion of 
two major sugar mills to ethanol plants, and consequently diverting 
around 20% of the sugar cane to fuel production.

Some key results from the analysis are shown in Fig. 2. At the 
assumed prices (US$80 per barrel (bbl) crude and US$420 per tonne 
sugar), the reduction in petroleum import bills exceeds the revenue 
losses from sugar exports. Price developments in either market are 
uncertain and likely to be volatile, so this benefit is by no means 
guaranteed (for a petroleum price of US$100 per bbl the sugar price 
would have to exceed US$700 per tonne for the switch to ethanol 
to become unprofitable; in recent history petroleum prices have 
been higher and sugar prices lower). In times when the spread of 
sugar and petroleum prices is unfavourable to ethanol conversion, 
however, producers can return to selling raw sugar until relative 
price movements make ethanol production viable again, provided 
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process itself as well as the time required to check the results for 
errors and inconsistencies may be too long to fit into the policy-
making process. Finally, acknowledging the integrated nature of 
these systems opens up a wide array of policy and strategic issues 
and concerns (which otherwise may not be easily revealed) that can 
be assessed through the lens of a CLEWs framework. It is possible 
to identify and study conflicting objectives and trade-offs, as well as 
synergies and co-benefits. The concept allows for the assessment of 
these aspects, not just across resource systems but also across miti-
gation and adaptation strategies. 

Note that the scenarios are purely explorative. The framework 
allows for consistent physical flow, commodity and cost account-
ing, based on current knowledge as well as mass and thermody-
namic balances. With these we can trace the implications of various 
assumptions to consistent future states — all of which are subject to 
much uncertainty. (In the case of Mauritius, sugar and petroleum 
prices, as well as the accuracy of climate models and their down-
scaling41, for example, are highly uncertain.) Precisely for this rea-
son, a transparent and flexible integrated framework can add value. 
It allows the analyst to test arrays of scenarios and relationships in 
a consistent and quantified manner, to help understand potential 
policy implications.

Next steps
Apart from ongoing input to the CSD process, the policy recom-
mendations arising from the CLEWS case studies are being featured 
in the UN flagship publication for Rio+20, entitled “Sustainable 
Development in the 21st Century”42, and a new case study for 
Burkina Faso is being finalized. UN agency technical assistance for 
governments on CLEWs is currently in the planning stage. 

The International Renewable Energy Agency (IRENA) considers 
the water–energy–food nexus as an important topic and has devel-
oped a programme to assess CLEWs in Pacific Island states. Here, 
special emphasis will be given to the role of renewable energy in 
supplying daily needs at an affordable cost while maintaining sus-
tainable development. The CLEWS framework is the subject of a 
Coordinated Research Project (CRP) under way at the IAEA. This 
project brings together researchers, scientists and analysts from 
member states. The CRP fills the dual role of providing an enabling 
environment for further development, adaption and application of 
the CLEWS framework as well as training practitioners in member 
states. The FAO has numerous related activities, with agriculture 
playing a central role (see for example refs 43–49). With a wide array 
of tools developed (see for example refs 50–53), efforts are under way 

to help facilitate further integrated analysis. A postgraduate research 
programme has been initiated at the Royal Institute of Technology, 
Sweden (KTH), based on related programmes and tools from vari-
ous UN partners, the Stockholm Environment Institute and the 
International Institute for Applied Systems Analysis (IIASA). The 
initial aim is to help to develop this integrated framework, building 
on tools and methods developed by the aforementioned partners 
and others for policy-orientated research.

An increasing number of Governments and organizations are 
interested in applying the CLEWS concept as part of their assess-
ment practices. To make CLEWS widely accessible and useful, 
especially to developing countries, effective partnerships between 
governments, academia and relevant organizations are needed.
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