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Balancing national economic policy
outcomes for sustainable development

Mohammed Basheer 1, Victor Nechifor 2,3, Alvaro Calzadilla 2,
Claudia Ringler 4, David Hulme5 & Julien J. Harou1,6

The 2030 Sustainable Development Goals (SDGs) aim at jointly improving
economic, social, and environmental outcomes for human prosperity and
planetary health. However, designing national economic policies that support
advancement across multiple Sustainable Development Goals is hindered by
the complexities of multi-sector economies and often conflicting policies. To
address this, we introduce a national-scale design framework that can enable
policymakers to sift through complex, non-linear,multi-sector policy spaces to
identify efficient policy portfolios that balance economic, social, and envir-
onmental goals. The framework combines economy-wide sustainability
simulation and artificial intelligence-driven multiobjective, multi-SDG policy
search and machine learning. The framework can support multi-sector, multi-
actor policy deliberation to screen efficient policy portfolios. We demonstrate
the utility of the framework for a case study of Egypt by identifying policy
portfolios that achieve efficient mixes of poverty and inequality reduction,
economic growth, and climate change mitigation. The results show that inte-
grated policy strategies can help achieve sustainable development while bal-
ancing adverse economic, social, and political impacts of reforms.

The world is facing severe pressures that put sustainable development
at risk for most people. Population growth, growing inequalities, cli-
mate change, and emerging zoonotic diseases are setting back many
recent human well-being achievements while rapidly worsening pla-
netary health1–4. Several global initiatives have been put forward to
tackle these challenges and pressures, including the Millennium
Development Goals (MDGs), the Paris Agreement5, and the Sustainable
Development Goals (SDGs)6.

The SDGs7, unlike the MDGs, apply to all countries and include
17 goals, 169 targets, and 231 unique indicators that cut across the
social, economic, and environmental dimensions of sustainability8.
Most countries around the world ratified the Paris Climate
Agreement5, intending to keep the global average temperature well
below 2 degrees Celsius above the preindustrial era. Meeting the
SDGs while mitigating climate change requires a substantial

reduction in fossil fuel use and a rapid shift to cleaner energy
sources9. The SDGs are inherently interlinked10, and their imple-
mentation requires cross-sectoral actions from governments, civil
society, non-governmental organizations, the scientific community,
and businesses.

Globally, progress towards achieving the targets of the SDGs is
off-track and has remained spatially uneven11. In 2020, some progress
was recorded in children and youth education, fighting communicable
diseases, and providing safe drinking water; nevertheless, food
security, environmental sustainability, and inequality deteriorated11.
The coronavirus (COVID-19) pandemic reduced greenhouse gas
emissions and benefited the environment due to reduced human
activity in the short term. However, COVID-19 worsened the perfor-
mance of several other SDGs, resulting in a high death toll, collapsing
health systems, economic recession, and growing inequalities, with
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150 million people possibly pushed into extreme poverty and an
additional 100 million food insecure people11–13.

The uniqueness of countries and regions must be recognized and
considered when designing national policies for sustainable
development14,15. For instance, the relationship between Gross
Domestic Product (GDP), income and income inequalities, energy
consumption, and carbon dioxide (CO2) emissions varies greatly
across low-, middle-, and high-income countries16–19. Environmental
degradation is influenced by many factors, including urbanization,
fossil fuel consumption, trade, and the level of democracy20. Foreign
direct investment in low-income countries has been shown to increase
environmental degradation, while tourism has generated adverse
environmental impacts in high- and middle-income countries20. These
national and regional variations in the determinants of sustainability
performance are due to each country’s unique economic, political,
institutional, social, cultural, and environmental characteristics.

Governments are usually charged with crafting national devel-
opment policies but face challenges in optimizing across sectors
and often fail to adequately assess the impact of biophysical realities
on economic growth and vice versa. Ideally, policymakers and stake-
holders would develop economic policies that create synergies and
manage trade-offs between different goals21–24. For instance, climate
changemitigation and adaptation actions couldhave short-term trade-
offs with other SDGs, such as poverty reduction and economic
growth25,26, but long-term positive impacts on multiple SDGs26,27.
Increased use of fertilizers in agricultural production would enhance
food security in some countries butwould also increase environmental
pollution and associated health impacts3,28. The actions needed to
achieve progress on the SDGs are further complicated by the multiple
disciplines, sectors, actors, and levels that need to be involved in
decision-making. Policy decisions that focus on individual SDGsmight
grow trade-offs with several other SDGs27. Such conflicts can be
reduced, minimized, or avoided through comprehensive analysis and
inclusive dialogue considering various combinations of policy instru-
ments. Planning for a sustainable future requires a paradigm shift from
sectorally-siloed consideration of the SDGs to a holistic approach that
considers multiple SDGs and their trade-offs and synergies29.

This study introduces a framework for designing and screening
efficient national economic policy portfolios that are aligned with the

SDGs. The framework combines economy-wide sustainability perfor-
mance simulation and artificial intelligence (AI)-driven machine
learning and multiobjective, multi-SDG policy design to search for
efficient national economic policy portfolios that maximize synergies
and balance trade-offs between the SDG targets. The framework can
enable co-production and screening of efficient policy portfolios
through multi-actor, multi-sector deliberation to create social and
political backing and commitment.Wedemonstrate the framework for
Egypt by unraveling the trade-offs and synergies resulting from inte-
grated economic strategies aimed at advancingmultiple SDGs. Egypt is
a middle-income country and ranks second in Africa in terms of GDP,
CO2 emissions, and energy subsidies as a share ofGDP30,31. Basedon the
national poverty line, the poverty rate in Egypt stood at 32.5% in 2017,
and the overall Gini index of household income was around 0.31 in the
same year31. We develop, calibrate, and use a dynamic economy-wide
model of Egypt to simulate the country’s performance in achieving
targets related to SDG1 (no poverty), SDG8 (decent work and eco-
nomic growth), SDG10 (reduced inequalities), and SDG13 (climate
action). The efficient economic policy portfolios revealed by the AI-
driven search are based on 1.8 million 15-year (2021–2035) dynamic
simulations of Egypt’s economy. We apply machine learning (Random
Forest Regression Algorithm) to the outcomes of the 1.8 million
simulations to understand the effectiveness of different policy
instruments in influencing sustainability performance. The results
show that economic policyportfolios that combine changes in existing
poverty reduction programs, producer taxes/subsidies, sales taxes,
and income taxes can reduce Egypt’s income inequalities and green-
house gas emissions and balance distributional impacts while main-
taining at least baseline GDP growth. Multi-sector, multi-actor co-
production of policy portfolios based on the outcomes of policy
search can help develop consensus across often competing economic,
social, and environmental government mandates and support an
improved balancing of sustainability and economic growth goals.

Results
Policy design and screening framework for sustainable
development
Figure 1 shows the national economic policy design and screening
framework for sustainable development introduced in this study. The

Fig. 1 | National economic policy design and screening framework for sus-
tainable development. The framework includes three sub-processes: (1) identifi-
cation of priorities aligned with the SDGs and associated policy instruments, (2)

economy-wide simulation, artificial intelligence-driven multiobjective multi-SDG
policy search, and machine learning of sustainability drivers, and (3) multi-sector,
multi-actor policy screening and deliberation.
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framework is based on an iterative process between three sub-pro-
cesses: (1) identification of priorities aligned with the SDGs and asso-
ciated policy instruments, (2) economy-wide simulation, AI-driven
multiobjective, multi-SDG policy search, and machine learning of
sustainability drivers, and (3) multi-sector, multi-actor policy portfolio
screening and deliberation. In Fig. 1, the three sub-processes are
numbered from 1 to 3.

Country-level progress towards sustainable development shows
marked variations across the world11,15. Countries have different prio-
rities, plans, and focus areas for the SDGs32. The first step in the pro-
posed framework is, therefore, to identify sustainable development
goals and targets and performance indicators based on national
priorities. Furthermore, policy instruments that can be used to achieve
the identified goals and targets are selected in this first step of the
framework.We define “policy instrument” as an economic tool used to
achieve sustainability goals. For example, poverty reduction can be
achieved through direct government transfers to poor households;
but it can also be accomplished indirectly by subsidizing the produc-
tion activities on which poor households rely for their livelihoods.

Assessing the impacts of economic policies requires a holistic
approach due to the forward and backward multiplier effects on dif-
ferent actors and sectors. Economy-wide models are the most com-
monly used tool to simulate national economic policies and their
impacts on sustainability performance33,34. In the second step of the
framework, an economy-wide model (i.e., computable general equili-
brium model) is used to simulate the scope of different combinations
of policy instruments regarding the social, economic, and environ-
mental performance indicators identified in the first step. Economy-
wide models can assess sustainability indicators that cut across mul-
tiple sectors and actors, even though they typically have been used for
economic indicators; thus, such models can support inclusive policy
deliberation and screening.

Scenario-based design of linear systems often use the super-
position principle35,36, but economy-widemodels arenon-linear in their
behavior37. For instance, doubling an economic shock does not lead to
a doubled effect, and the impacts of policy instruments are not addi-
tive. Therefore, selecting and simulating a small set of policy scenarios
to guide policy-making could be flawed by decision-making biases.
Human decisions (including scenario selection) are often driven by
rationality38. However, the perceptions and conceptions regarding
interventions and their outcomes could influence this rationality,
notably when decisions are related to financial choices or fatalities38.
To overcome this issue, we couple the economy-wide model with an
AI-driven multiobjective search to enable sifting through complex
multi-SDG policy performance spaces to identify the most efficient
policy portfolios based on combinations of the policy instruments
identified in thefirst step. In this study,wedefine a “policyportfolio” as
a parameterized set of policy instruments.

Crafting economic policy portfolios for sustainable development
can yield thousands of policy options due to the complexity of multi-
sector economies, the multidimensional nature of policy instruments,
and the diversity of social, economic, and environmental sustainability
targets. In the second step of the framework, the policy portfolios and
their associated sustainability performances that resulted from the
iterations of the multiobjective search algorithm are subjected to
machine learning to understand the effectiveness of different policy
instruments in influencing sustainability performance. Machine
learning helps simplify the complexity of the interplay of policy
instruments and multi-SDG performance, facilitating multi-sector
multi-actor deliberation. The methods section provides a technical
description of the second step of the framework.

The diverse policy options resulting from the second step of the
framework can support inclusivemulti-sector,multi-actor deliberation
on policy reforms. While we have not yet conducted such a delibera-
tion process in the case study application shown later in this paper,

stakeholder deliberation based on artificial intelligence search and
machine learning has been successfully applied in other
disciplines39–41, and therefore we suggest it as a step in our proposed
framework. Multiobjective search results can be useful for policy-
making because they are transparent, policy-relevant, and provide
options and not recommendations42,43. In the third step of the frame-
work, stakeholders and actors representing different institutions,
sectors, disciplines, and regions negotiate and screen the efficient
policy portfolio options (generated in step 2). Such deliberation
should aim for a balanced (i.e., socially acceptable) sustainability per-
formance across time (e.g., temporal distribution of impacts), space
(e.g., rural and urban regions), and income groups (e.g., wealthy and
poor households); given the large set of policy portfolio options,
deliberation would allow policymakers with different sectoral man-
dates to find common ground. Citizen assemblies, to advise on policy
choices, are amechanismthat is increasinglybeingused aspartof such
deliberation processes44. Public-private partnerships can further sup-
port the implementation of associated measures45. Although multi-
objective economic policies are complex, machine learning and
interactive data visualization techniques can help stakeholders
understand, explore, screen, and select policy portfolios and/or iden-
tify unacceptable options. Subsequently, a new or modified set of
policy instruments for achieving the targeted SDGs could be explored.
The new or revised policy instruments would then be used to generate
a revised set of efficient policy portfolios to be integrated into the
multi-sector multi-actor deliberation and co-production of sustain-
ability reforms. At their most ambitious, such consultation mechan-
isms can seek to identify compromise portfolio options. Less
ambitiously, they can help screen out socially unacceptable options.

Balanced national economic policies in Africa improve
sustainability
The African continent is currently far from achievingmost of the SDGs
by 2030 and has the lowest performance globally in many goals11,46.
Sustainable development in Africa is challenged by poor governance,
limited financial resources, high population growth rates, and the
COVID-19 pandemic46–48. Africa’s contribution to global greenhouse
gas emissions is low, at around 4% in 201949, but the rate of growth of
the continent’s emissions is increasing rapidly50. Without urgent dec-
arbonization policies, Africa could lock in sizable greenhouse gas
emissions for several decades in the future51 or end up with stranded
assets52.

We apply the SDG economic policy design and screening frame-
work to Egypt, amiddle-incomecountry in northernAfrica. Egypt is the
second-highest CO2 emitter on the continent (Supplementary Fig. 1)
and faces economic and sustainability challenges. In 2016, Egypt
contributed around 17% of Africa’s total CO2 emissions31, following a
national increase of 55% from 2006 to 201649. Furthermore, energy
commodities are heavily subsidized53, with the level of energy sub-
sidies ranking second in Africa as a share of GDP30. Although energy
subsidies contribute to stabilizing the prices of energy-dependent
commodities and increasing the output of some industries, they fuel
CO2 emissions and fiscal deficits, can slow economic growth and
diversification of energy portfolios, and grow inequalities across social
groups54. In 2017, the overall Gini Index of Egypt was estimated at 0.31
by the World Bank31, indicating considerable income discrepancies.

We use the framework to identify efficient policy portfolios for
Egypt’s economy aligned with targets related to five SDGs. These tar-
gets are enhancing GDP growth (SDG8), increasing rural and urban
incomes (SDG1), reducing rural, urban, and overall income inequalities
(SDG10), and lowering CO2 emissions (SDG13). These five SDG targets
were selected because they are directly related to one of Egypt’s most
pressing economic challenges: how to reduce commodity subsidies
while lowering inequality and poverty and ensuring economic growth
and environmental sustainability55–57. We developed, calibrated, and
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used a dynamic Computable General Equilibrium (CGE) model of
Egypt’s economy to simulate the country’s performance in achieving
these targets as well as the associated trade-offs and synergies. The
economy-wide model was set up for the 2021–2035 period and was
connected to a multiobjective evolutionary algorithm to search for
efficient economic policy portfolios based on four incremental policy
strategies. Following that, a machine learning approach was used to
understand the drivers of sustainability performance. The multi-
objective multi-SDG policy search process involved 1.8 million 15-year
(2021–2035) dynamic simulations, from which a total of around 20
thousand efficient policy portfolios were identified. The four incre-
mental integrated policy strategies used in designing sustainability
policy portfolios for Egypt are: (I) Distribution and total amount of
direct government transfers to households, (II) Distribution and total
amount of direct government transfers to households and income
taxes on households, (III) Producer taxes/subsidies on economic
activities, distribution and total amountof directgovernment transfers
to households, and income taxes on households, and (IV) Producer
taxes/subsidies on economic activities, sales taxes/subsidies on com-
modities, distribution and the total amount of direct government
transfers to households, and income taxes on households. The
economy-widemodel of Egypt was set up such that economic reforms
are implemented gradually over five years from 2021 to 2025. For
example, a tax increase of 5% is applied by adding a 1% increase
annually over the 5-year assumed reform period. This reform period
was selected to demonstrate the use of the framework and is custo-
mizable based on stakeholder preferences. Further details on the
mathematical formulation of the economy-wide model and the mul-
tiobjective search can be found in the methods section.

Figure 2a shows a parallel coordinates plot58 of Egypt’s sustain-
ability performance from2021 to 2035 under efficient economic policy
portfolios generated in the second step of the SDG policy design and
screening framework. The policy portfolios are based on four inte-
grated policy strategies described above. For the purposeof this paper
and in order to demonstrate the framework, the selected policy
portfolios (thick lines in Fig. 2a except for the baseline) are assumed to
result from multi-sector multi-actor negotiation and deliberation.
Stakeholders from different backgrounds would target specific sus-
tainability dimensions (e.g., high GDP, low Gini Index, or low emis-
sions), but an efficient compromise policy portfolio could eventually
be agreed upon based on deliberation and co-production of policies.

Figure 2a shows that the four examined integrated policy strate-
gies have variable impacts on sustainability performance. Using policy
strategy I (thin yellow lines) reduces income inequalities compared to
the baseline (thick black line); however, this strategy slows economic
growth because more government income is spent on households
rather than on investment. Policy strategy II (thin grey lines) further
reduces income inequalities and also improves economic growth
compared to the baseline. Using policy strategy III (thin red lines)
yields solutions that increase total GDP, increase urban and rural total
incomes, and reduce total CO2 emissions compared to the baseline
and strategy II. Finally, strategy IV (thin green lines) increases the
sustainability performance space, leading to the lowest trade-offs
between the targets compared to the three other strategies.

The selected sustainability policy portfolios (thick lines in Fig. 2a)
show trade-offs between sustainability targets. For example, aiming to
achieve high GDP results in only a slight reduction in income
inequalities, whereas targeting low Gini indices results in a total GDP
value close to the baseline. There is also a trade-off between rural and
urban income (i.e., diagonal lines between the two axes). Sustainability
performance under the low emissions portfolio shows a reduction in
overall and urban inequalities, a reduction in rural income, an increase
in urban income, and a slight improvement in GDP performance
compared to the baseline. Overall inequalities decline because the
increase in urban income mostly goes to poor urban households,

which reduces the overall income gap between poor and rich house-
holds. Figure 2b–f and Supplementary Table 1 provide the numeric
details of the five policy portfolios (including the baseline) shown as
thick lines in Fig. 2a. Achieving high GDP growth involves a 50%
reduction in the total amount of government transfers to households
(Fig. 2e), increases of more than 100% in income taxes on households
(Fig. 2b), a 50% reduction in subsidies on petroleum commodities
(Fig. 2d), an increase in producer and sales subsidies on agriculture,
new producer subsidies on manufacturing, and an increase in sales
taxes on manufacturing commodities. In contrast, reducing income
inequalities (i.e., low Gini portfolio) requires increasing government
transfers to households by 440%, channeling most government
transfers to poor urban households, and increasing income taxes on
rich households (see Fig. 2b, c). Also, achieving low Gini requires
introducing taxes on hydropower, oil, and gas electricity activities and
subsidizing solar electricity producers. The low emissions portfolio
involves reducing subsidies on petroleum commodities by around
90%, coupled with a 286% increase in the total amount of government
transfers to households to mitigate the rise in commodity prices
resulting from the reduction in fossil fuel subsidies. As Fig. 2a shows,
the compromise policy portfolio reduces CO2 emissions, reduces
rural, urban, and overall income inequalities, and achieves economic
growth similar to the baseline portfolio. It is worth noting that the
compromise policy portfolio does not result from averaging the other
portfolios, as the economy behaves non-linearly, highlighting the
importance of the multiobjective search within the policy design and
screening framework.

Figure 3 depicts time series of sustainability performance indica-
tors for the five economic policy portfolios highlighted as thick lines in
Fig. 2a. With the high GDP policy portfolio, CO2 emissions (Fig. 3a)
decline over the 5-year assumed reform period but increase steadily
afterward due to a rapid increase in the economy’s energy needs to
enhance economic growth (Fig. 3b). However, the budget deficit
(Fig. 3m) declines most under the high GDP policy portfolio due to
reductions in government transfers to households and subsidies on
petroleum products. The high GDP policy portfolio shows the highest
increase in the labor share of GDP (i.e., labor income divided by real
GDP; see Fig. 3l) and the highest overall growth in income per capita
(Fig. 3k). The low Gini policy portfolio yields the highest decrease in
income inequalities (Fig. 3d–f), the highest increase in the income of
the poorest 40% of the total and urban Egyptian populations
(Fig. 3g–i), a decrease in CO2 emissions and emission intensities
(Fig. 3a, c), and approximately similar economicgrowth to the baseline
portfolio (Fig. 3b). The low emissions policy portfolio leads to the
lowest CO2 emission intensity (Fig. 3c) and increases the income of the
poorest 40% of the population (Fig. 3g– i). The low emissions eco-
nomic policy portfolio results in the highest increase in the overall
consumer price index (Fig. 3n) and the price index of petroleum
commodities (Fig. 3o). The rise in commodity prices is a major chal-
lenge associated with subsidy reforms. Reductions in energy subsidies
reduce welfare because households and industries face higher energy
prices and an increase in the prices of other commodities that use
energy as an intermediate input59.

Policy instruments vary in their effectiveness in impacting the
SDGs. In this study, we used a machine learning method to assess the
effectiveness of policy instruments in influencing sustainability targets
(Fig. 4). As Fig. 4a–l show, some policy instruments are effective for
specific targets, whereas others affect multiple targets. Overall, chan-
ging the tax/subsidy on petroleum sales is the most effective policy
instrument for influencing multiple sustainability targets, followed by
a producer tax/subsidy on private services and then government
transfers to households (Fig. 4m). The degree of influence of policy
instruments also depends on the range within which they are allowed
to vary. Supplementary Table 2 reports the upper and lower bounds
assumed for each policy instrument.
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Discussion
Realizing the SDGs necessitates a profound change in decision-making
by adopting interdisciplinarity and multi-sector, multi-actor co-pro-
duction of policies60–62. Achieving sustainable development involves
trade-offs and synergies between different goals and targets3,26,63.
Therefore, policies designed to achieve individual SDG targets are no
longer viable, as such an approach reduces policy and sectoral
synergies29. A system-wide perspective helps better understand the
trade-offs and synergies of attaining the SDGs64. Reactivating national,
cross-sector planning systems, as illustrated by Vietnam’s successful
progress towards the MDGs, SDGs, and minimizing Covid-19 impacts,
should be encouraged32. This paper introduces a national-scale eco-
nomic policy design and screening framework for sustainable devel-
opment. The proposed framework offers an approach that could help
reduce the gaps between science and policy, public and private sec-
tors, governments and civil societies, and public institutions through
inclusive dialogue on economic policy design for sustainable devel-
opment. Because the political dimension of simulating sustainable
development is important65, the sustainability policy design and
screening framework would enable politicians to better weigh SDG
reforms against election promises and other political goals informed
by technical analysis and the views and goals of various stakeholders.
Citizen assemblies or other types of multistakeholder platforms con-
vened by the government or civil society could provide a mechanism
for fostering such stakeholder engagement66,67.

Simulation models have uncertainties that can be characterized
and quantified using, for example, sensitivity analysis68. For our case
study, we conducted sensitivity analyses around key model para-
meters (i.e., oil price, total factor productivity, production and inter-
national trade elasticities, foreign savings, and labor supply) to
understand how sensitive the optimization objectives and policy
choices are to model parameterization. Supplementary Fig. 2 and
Supplementary Table 3 show the results of the sensitivity analyses
under all the efficient policy portfolios presented in Fig. 2a. These
analyses show that while the objective values have varying degrees of
sensitivity to somemodel parameters, policy choices remain robust to
the uncertainty of the tested parameters because changes to the
model parameters examined do not result in large structural changes,
given the short simulation period considered (15 years).

Egyptian inter-ministerial entities, such as the committee formed
to follow national SDG progress, can benefit from the proposed fra-
mework in evaluating economic interventions that affect multiple
sectors. Although Egypt has had success in progressing toward some
SDGs, as shown in the country’s 2021 Voluntary National Review, fur-
ther interventions are needed tomeet the goals by 2030, notably after
the impact of the COVID-19 pandemic57. Recent data show that the
Greater Cairo urban periphery made progress in infrastructure and
education sustainability but deteriorated in economic and environ-
mental targets69. A shift from consumption expenditures, notably
subsidies, to investment expenditures can contribute to Egypt’s pro-
gress towards sustainable development, but such an economic shift
should be complemented with policies to support goals that are
loosely related to economic growth70. Developing a roadmap for

implementing the SDGs at the governorate level in Egypt is key to
ensuring rapid, inclusive, and balanced sustainable development71.

Economic policy reforms aimed to achieve sustainable develop-
ment and increased equity could produce detrimental short-term
social and political consequences. Such policies are like “painful sur-
geries,” but the sooner they are done, the better. For instance, energy
subsidy reforms can increase commodity prices, hit the poor the
hardest, and lead to popular discontent and protest, fueling political
instabilities72. This would make the sustainability transformation poli-
tically and socially unappealing. The proposed framework can help
identify efficient policy portfolios that balance the distributional
impacts of policy reforms, highlight political risks by pointing out
winners and losers, and thus help strengthen political and social sup-
port and buy-in for sustainability. Furthermore, sustainable economic
reforms could qualify Heavily Indebted Poor Countries (HIPC) for
external debt relief by the World Bank, the International Monitory
Fund, and other multilateral entities73, potentially attracting low-
interest external financing for sustainable development investments.

The framework introduced in this study requires a joined-up
strategic approach to sustainability decision-making with a partner-
ship spanning government, civil society, non-governmental organiza-
tions, the scientific community, and the private sector. Suchanalliance
combined with multi-SDG policy design can help countries navigate
towards a more sustainable future.

Methods
General description of the second step of the framework
The second step of the sustainability policy design and screening fra-
mework introduced in this study involves coupling a national-scale
economy-wide model with AI-driven multiobjective search and
machine learning algorithms to identify efficient (approximately Par-
eto-optimal) policy portfolios based on combinations of different
policy instruments. This approach enables navigating complex, mul-
tidimensional, non-linear sustainability performance spaces to search
for efficient economic policy portfolio options that maximize syner-
gies and balance trade-offs between sustainable development targets.
Belowwedescribe the economy-widemodel, followedby adescription
of the linkages with multiobjective search and machine learning
processes.

Economy-wide sustainability simulation
We use a dynamic-recursive CGE model to simulate sustainability
performance and the impacts of different national economic policies.
A CGE model enables assessing the economy-wide impacts of alter-
native policy options on keymetrics, such as income and expenditures
of different economic actors (e.g., government, household groups,
industries, enterprises, and the rest of the world), commodity pro-
duction, consumption, trade, and prices, factor endowments and pri-
ces, and CO2 emissions. The CGE model used in this study is based on
the standard open-source CGEmodel of the International Food Policy
Research Institute (IFPRI)74. IFPRI’s CGE model is a single-country,
open-economy model and follows the well-known “small open-econ-
omy” assumption used with small economies, whereby the economy

Fig. 2 | Sustainability performance of the Egyptian economy in 2021–2035.
a parallel coordinates plot of the best-achievable aggregate performance based
on four integrated policy strategies, b–f details of the economic policy portfo-
lios associated with the five thick lines highlighted in panel (a), g Sankey diagram
of the structure of household income and expenditure in 2035 with the baseline
economic portfolio, and h Sankey diagram of the structure of household
incomes and expenditures in 2035 in the low Gini economic portfolio. The thin
lines in panel a represent all efficient portfolio options, while the thick lines
highlight selected policy portfolios. The upward direction on each axis in panel
(a) is desirable (i.e., a perfect policy would be a straight line across the top), and
diagonal lines between axes indicate trade-offs. Supplementary Fig. 7 depicts a

version of panel a with the efficient policy portfolios shown separately for each
of the four integrated policy strategies. The number of economic policy port-
folios (or lines) in panel (a) is 19723. The line and bar colors in panels (b) and (c)
correspond to the thick lines with similar colors in panel (a) (i.e., selected eco-
nomic policy portfolios). The Sankey diagrams in panels (g) and (h) show
household income by source (left-most axis), recipient household group (two
central axes), and expenditure (right-most axis). The boxes drawn around panels
(g) and (h) correspond to the thick lines with similar colors in panel (a). The total
gross domestic product (GDP) and household income values in panel (a) are
discounted at 3%. CO2 stands for carbon dioxide; Q1–Q5 are household classes
based on income quintiles from poorest to richest.
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engages in international trade but does not influenceworld prices. The
reader is referred to Lofgren et al. (2002)74 for the details of the
mathematical formulation of IFPRI’s standard CGE model. IFPRI’s ori-
ginal model was customized as follows. Commodities are produced by
economic activities using a nested three-level process. Supplementary
Fig. 3 shows production configuration in the CGE model. At the top
level of the production process, a bundle of value-added-energy is

combined with composite intermediate inputs using the Leontief
Function75, maintaining fixed ratios of these two inputs. At the middle
level of the production process, value-added and energy are combined
to form the value-added-energy bundle using Constant Elasticity of
Substitution (CES) functions76, such that input quantities of energy and
value-added are based on their relative prices but constrained by
substitution elasticities. At the bottom level of the production nesting,
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Fig. 3 | Temporal evolution of Egyptian sustainability performance indicators.
a–o time series of sustainability indicators based on five economic policy portfo-
lios. The time series depicted in thisfigure correspond to the thick lineswith similar

colors in Fig. 2a. Details on the economic policy portfolios associated with the time
series are provided in Fig. 2b–f and Supplementary Table 1. GDP stands for gross
domestic product and CO2 stands for carbon dioxide.
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Fig. 4 | Rankings of policy instruments based on their relative influence on
twelve Egyptian sustainability performance indicators. a–l the five most
influential instruments for each sustainability performance indicator. m the
overall relative influence of each policy instrument on the twelve sustainability
performance indicators. The relative influence values shown on the x-axes of
panels (a–l) vary from zero to one. A zero value means the policy instrument
does not influence the performance indicator, whereas one indicates that the
policy instrument is the only influencer of the performance indicator. For each
performance indicator, the sum of the relative influence values for all

instruments is one. Panel (m) shows the sum of the relative influence values for
each of the twelve policy instruments multiplied by a hundred and plotted on a
logarithmic scale. Therefore, the values in panel (m) can range from zero to
twelve hundred, with zero indicating that the instrument does not influence
any of the twelve performance indicators, and twelve hundred meaning that
the policy instrument is the only influencer of all twelve performance indica-
tors. GDP stands for gross domestic product, CO2 stands for carbon dioxide,
and Q1 to Q5 are household classes based on income quintiles from poorest to
richest.
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CES functions are used to combine labor, land, and different capital
types into value-added. Similarly, electricity and other types of energy
are incorporated into an energy bundle using CES functions. Supple-
mentary Fig. 4 depicts the specification of household consumption in
the CGE model. A two-level demand system is used to simulate
household commodity consumption. At the top level, household
consumption budget is divided across five commodity categories
through a Linear Expenditure System (LES)77 specification separating
subsistence from supernumerary consumption. At the second level,
households can substitute between commodities within each com-
modity category based on CES functions subject to substitution
elasticities.

The economy-wide model of Egypt was set up to run over the
2021–2035 period. The model includes four economic agents: the
government, households, enterprises, and the rest of the world.
Households are disaggregated into ten groups based on regional
affiliation (i.e., rural and urban) and level of wealth (five income
quintiles). Fifteen production activities are included in Egypt’s CGE
model: agriculture, light industry, heavy industry, construction,
transport, hydroelectricity, oil electricity, gas electricity, solar elec-
tricity, wind electricity, gas processing, petroleum processing, muni-
cipal water, public services, and private services. These activities
produce 11 different commodities including electricity, which is gen-
erated by four different technologies. The selected sectoral aggrega-
tion comprehensively represents the Egyptian economy while
focusing on the key sectors needed to address the five SDGs con-
sidered. Producers use three types of productive factors: labor, land,
and capital. Capital is then specified as sector-specific for the elec-
tricity and water economic activities. The baseline scenario was cali-
brated to follow economic performance under the Shared
Socioeconomic Pathway “middle of the road” scenario (SSP2)78–80.
Accordingly, labor growth (16-64 age group), population growth,
urbanization, and total factor productivity are updated exogenously
following SSP2 assumptions. CO2 emissions are calculated in the CGE
model based on the national consumption of petroleum, gas, and coal
by households, production activities, firms, and the government.
SpecificCO2 emission factors (tons of carbon/Tera Joule)were used for
petroleum, gas, and coal to calculate emissions based on the national
consumption of these three commodities.

The price of petroleum on the international market was set up to
follow the World Bank projection for the average price of crude oil81.
Prices of other commodities on the international market are fixed,
assuming a small open economy setup82. The balance of payments is
determined by exogenous foreign savings and variable exchange rate.
Savings are based on fixed saving propensities of different economic
agents. Annual savings are used dynamically to invest in various capital
types except for hydro capital. This is because no major future
hydropower investments are expected in Egypt83. Investment is allo-
cated between different capital types based on their relative rates of
return. Investment premiums and investment relocation are applied
exogenously to electricity capital types to ensure the growth of base-
line CO2 emissions follows the regional projection of the Middle East
and North Africa under SSP2-4.579,84. Egypt’s CGEmodel was calibrated
to a 2011 Social Accounting Matrix (SAM) produced by IFPRI85. In
addition, we used the GTAP-Power 10 database for the year 2014 from
the Global Trade Analysis Project86 to disaggregate the electricity
sectors of the SAM. Then the model was run dynamically over 2011-
2020 to bring the status of the economy closer to the present before
proceeding with the 2021–2035 simulation period of our case study
analysis.

Economy-wide simulation coupled with artificial intelligence
processes
We linked the economy-wide dynamic model to an AI-driven multi-
objective evolutionary algorithm (MOEA) to design efficient (or

approximately Pareto-optimal) national economic policy portfolios.
Supplementary Fig. 5 depicts a flowchart of the interaction between
theCGEmodel and the evolutionary algorithm.The process starts with
generating an initial policy portfolio based on a specified set of policy
instruments (yellow box in Supplementary Fig. 5). Next, the policy
portfolio is applied to the CGE model, which runs dynamically over a
multi-year simulation timeframe to compute performance indicators
used as objectives that are maximized or minimized in the search
process. The values of the performance indicators and the policy
portfolio are then stored. A stopping criterion is checked before pro-
ceeding to the next iteration. In this study, a minimum number of
iterations (90 thousand in the case study application) is used as a
stopping criterion. If the stopping criterion is not met, the search
process proceeds to the next iteration, in which the search algorithm
generates a new policy portfolio. The evolution of multiobjective
performance in the previous iterations informs the generation of new
policy portfolios. Once the stopping criterion is met, a non-dominated
sorting is performed for all stored solutions to filter efficient (or
approximately Pareto-optimal) policy designs.

Multiobjective evolutionary algorithms search for an approxi-
mately optimal set of solutions by imitating the natural biological
evolution process87,88. This involves three main steps: selection,
crossover, and mutation. The selection step resembles “survival of the
fittest,” whereby the best performing set of solutions (from a genera-
tion of iterations between the simulation model and the MOEA) is
selected based on their performance in achieving the optimization
objectives (i.e., domination). The selected solutions are then used to
imitate natural reproduction by producing new solutions (or children)
based on a crossover of the characteristics of the original solutions (or
parents). Random mutations are then introduced to the children to
ensure that the new solutions not only improve as a result of parents’
crossover but also due to new random features. The children then
enter into the selection process and are treated like new parents. The
process of selection, crossover, and mutation continues until a stop-
ping criterion is met, as explained earlier and in Supplementary Fig. 5.

In the case study application, we specified seven
optimization objectives for the search algorithm: maximizing total
discounted real GDP (Supplementary Equation 1), maximizing total-
discounted net real urban household income (Supplementary Equa-
tion 2), maximizing total discounted net real rural household income
(Supplementary Equation 3), minimizing the mean overall Gini
Index (Supplementary Equation 4), minimizing the mean urban
Gini Index (Supplementary Equation 5),minimizing themean ruralGini
Index (Supplementary Equation 6), and minimizing total CO2 emis-
sions (Supplementary Equation 7).

Four configurations of decision variables (i.e., four integrated
policy strategies; see Fig. 2) were used, and the multiobjective search
process was performed for each of these configurations separately. The
upper and lower limits of each decision variable (i.e., each parameter in
the policy instruments) used in the multiobjective search process are
provided in Supplementary Table 2. The search process was performed
with five random seeds (i.e., five random starting conditions for the
search algorithm) for each of the four integrated policy strategies. A
minimum of 90 thousand iterations (i.e., function evaluations) was
specified as a stopping criterion for each seed (i.e., a total of 1.8 million
simulations resulting from five seeds multiplied by four policy strate-
gies multiplied by 90 thousand iterations). Supplementary Fig. 6 shows
the hypervolume89 with each of the five random seeds for each of the
four integrated policy strategies. Generally, the figure shows that the
hypervolume stabilizes before the 90 thousand iteration limit, indicat-
ing convergence to approximately Pareto-optimal policy portfolios. We
used the Non-dominated Sorting Genetic Algorithm III (NSGA-III)88 to
search for efficient economic policy portfolios. NSGA-III uses reference
points to guide the search and to find well-converged diverse solutions
for problems with up to 15 objectives88.
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We used the Random Forest Regression Machine Learning
Algorithm90 to determine the relative influence of policy instruments
on sustainability targets. A Random Forest Regression model is an
ensemble of regression trees created based on random sampling from
the training data and random selection of input features91. Random
forest regression models make predictions by aggregating the pre-
dictions of the individual tree ensemble members based on the
majority vote (i.e., the mean prediction)91. The relative importance of
different input features to the RandomForestmodel was quantified by
calculating the importance of features (i.e., decision variables) in pre-
dicting the targets (i.e., optimization objectives). In the case study
application, the 1.8 million outcomes of the multiobjective search
processwere randomly split into training (80% of the data) and testing
(20% of the data) datasets. The training dataset was used to train
ensembles of 100 tree predictors, and the testing dataset was used to
assess the performance of the machine learning models. Twelve
machine learning models were developed, one for each of the per-
formance indicator shown in Fig. 4a–l. Sensitivity analysis was per-
formed around the maximum tree depth of each of the models. Tree
depths ranging from 1 to 50 were tested for each of the 12 machine
learning models. Then the lowest tree depth that does not result in
over-fitting or under-fitting the testing or training datawas selected for
each model. Supplementary Fig. 8 shows the performance of the
machine learning models with the testing and training data and the
selected maximum tree depth for each of the twelve models.

The Platypus Python optimization library92, which includes
NSGA-III, was used in performing the multiobjective search. The
Scikit-learn Python library93 was used to perform machine learning
of sustainability drivers based on the Random Forest Regression
Algorithm. The Python Network Simulation framework (Pynsim)94

was used to couple the CGE model with Platypus through the Gen-
eral Algebraic Modeling System (GAMS)95 Python Application Pro-
gramming Interface (API).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study been deposited in a
Zenodo repository under the accession code: https://doi.org/10.
5281/zenodo.6533977. The baseline population, labor, urbanization,
and economic growth data of Egypt associated with the SSP-2 can be
accessed from the International Institute for Applied System Ana-
lysis (IIASA) database: https://tntcat.iiasa.ac.at/SspDb/dsd?Action=
htmlpage&page=10. Egypt’s 2011 SAM can accessed from: http://
ebrary.ifpri.org/cdm/ref/collection/p15738coll2/id/130736. Crude
oil price projections can be retrieved from: https://knoema.com/
infographics/yxptpab/crude-oil-price-forecast-2021-2022-and-long-
term-to-2050. The GTAP-Power 10 database can be obtained from:
https://www.gtap.agecon.purdue.edu/resources/res_display.asp?
RecordID=5938.

Code availability
The standard CGE model of the International Food Policy Research
Institute (IFPRI) is open-source and freely accessible through the fol-
lowing link: https://www.ifpri.org/publication/standard-computable-
general-equilibrium-cge-model-gams-0. The Python Network Simula-
tion framework (Pynsim) is open-source and freely available in the
following repository: https://github.com/UMWRG/pynsim. The multi-
objectiveNon-dominated SortingGeneticAlgorithm (NSGA-III) used in
the SDG economic policy design and screening framework is open-
source and freely available in the following repository: https://github.
com/Project-Platypus/Platypus. The Random Forest Regression, a
machine learning algorithm used for understanding the drivers of

sustainability performance, is open-source and freely available at:
https://github.com/scikit-learn/scikit-learn. The General Algebraic
Modeling System (GAMS) and the GAMS Python API can be obtained
from: https://www.gams.com/.
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