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We implement the hybrid (energy-economy) recursive-dynamic multisector IMACLIM model with important adaptations to Saudi macroeconomics. We design two scenarios reflecting both the Saudi Vision 2030 economic development program and Nationally Determined Contribution (NDC) to greenhouse gas mitigation: Continuity of previous plans to expand energy-intensive activities under maintained energy-pricing policies, versus Transformation by economic diversification away from hydrocarbon-related activities and fiscal and energypricing reforms. We show that, compared to Continuity, Transformation improves activity, employment and public budget outlooks, while considerably abating the energy intensity of GDP and total CO2 emissions. Our results thus point at the relevance of economic diversification as both a hedging strategy against international climate change mitigation depressing oil markets and a national climate mitigation strategy for Saudi Arabia.

However, the successful advancement of the reforms necessary for diversification remains conditional to setting a suitable institutional framework for a competitive economy.

INTRODUCTION

The implications of global mitigation policies for oil-exporting countries of the Middle East have generated considerable attention. There is a large consensus in the literature that a scenario of ambitious mitigation would depress oil prices. The drop is of 27% by 2030 in the Sustainable Development Scenario (SDS) of the International Energy Agency (IEA, 2017) compared to its less stringent New Policies Scenario (NPS). There is also widespread agreement that mitigation policies at global scale will reduce global oil demand. Comparatively, how demand for the conventional oil of the Middle East and thus how export revenues of Middle East producers may evolve, is less clear-cut. [START_REF] Johansson | OPEC strategies and oil rent in a climate conscious world[END_REF] and [START_REF] Persson | Major oil exporters may profit rather than lose, in a carbon-constrained world[END_REF] project gains as carbon pricing would drive unconventional resources out of the market under the condition of low oil-demand elasticity. Conversely, Bauer et al. (2016), [START_REF] Edenhofer | Climate change 2014: mitigation of climate change[END_REF], [START_REF] Waisman | Monetary compensations in climate policy through the lens of a general equilibrium assessment: The case of oil-exporting countries[END_REF] estimate that oil-exporting countries in the Middle East will lose from the implementation of global mitigation policies, as will all oil-exporters.

The Kingdom of Saudi Arabia (KSA) is notoriously exposed to both volume and valuation risks, as oil revenues generated over 80% of both the country's exports and fiscal earnings between 2009and 2018(SAMA, 2018)).

Consequently, the KSA's communications to the United Nations Framework Convention on Climate Change (UNFCCC) have argued that global climate policies would deteriorate its economic outlook (Saudi Arabia, 2005;[START_REF]Second National Communication of the Kingdom of Saudi Arabia to the UNFCCC[END_REF][START_REF]Economic Diversification in Oil-Exporting Arab Countries[END_REF]. Some strategies could mitigate adverse climate-policy effects on oil revenues (e.g., quota agreements to sustain prices, price cuts to increase market shares or monetary compensation under the climatenegotiation process) but may prove challenging to implement and transitory at best. [START_REF] Pershing | Fossil fuel implications of climate change mitigation responses[END_REF], [START_REF] Hvidt | Economic diversification in GCC countries: Past record and future trends[END_REF] and [START_REF] Van De Graaf | The oil endgame: Strategies of oil exporters in a carbonconstrained world[END_REF] affirm that economic diversification is the only viable development strategy for oil-exporting countries facing the structural decline of oil rent prompted by global lowcarbon transition.

Economic diversification away from oil extraction has been a constant objective of KSA policymakers since the 1970s (Saudi Arabia, 2016a). Most plans have focused on the development of energy-intensive industries to exploit the country's competitive advantage on energy costs. The latest plan-called Vision 2030-outlines a more comprehensive transformational strategy to drive the Saudi economy away from oil dependence (Saudi Arabia, 2016b). Although Vision 2030 expects oil and gas extraction to maintain an important role in the Saudi economy, the transformative aspect of the plan sets the relative weight of that activity to decrease as investment flows towards non-oil sectors. Besides, the plan orients diversification less towards energy-intensive industries and more towards services. Additionally, diversification beyond energy-intensive activities is the cornerstone of the KSA Nationally Determined Contribution (NDC) to the Paris Agreement (Saudi Arabia, 2015). However, Saudi NDC also considers an alternative scenario of limited diversification focused on energy-intensive industries.

The objective of the present paper is to assess the economic, fiscal, social and environmental implications of diversification of the Saudi economy under two scenarios reflecting those of the Saudi NDC. The test of two strategies is justified by the fact that successive development plans have so far failed to foster the emergence of a competitive non-oil private sector [START_REF] Albassam | Economic diversification in Saudi Arabia: Myth or reality?[END_REF], and that the latter objective continues facing considerable challenges, mostly regarding job creation (IMF, 2016a).

The methodological challenge of modeling the Saudi economy has been taken up in recent years. [START_REF] Al-Thumairi | Fixed or flexible exchange rate for Saudi Arabia: optimal solution of CGE model[END_REF], [START_REF] Al-Hawwas | Policy experiments for the Saudi's economy using a Computable General Equilibrium Model (CGE), oil demand and tariff liberalization effects on the Saudi economy[END_REF] and De [START_REF] De Santis | Crude oil price fluctuations and Saudi Arabia's behavior[END_REF] assess static counterfactual scenarios, mostly of oil price shocks, with conventional computable general equilibrium (CGE) models. Blazquez et al. (2017) implement a stylized dynamic equilibrium model to estimate the long-run welfare impact of renewable energy penetration. [START_REF] Gonand | Estimating the impact of energy price reform on Saudi Arabian intergenerational welfare using the MEGIR-SA model[END_REF] model overlapping generations in a similar dynamic framework to explore the long-run consequences of energy pricing reforms.

Compared to this corpus, our contribution is to implement a dynamic economy-wide model adapted to KSA macroeconomics, calibrated both statically and dynamically on hybrid economy/energy data and backed by bottom-up energy modeling [START_REF] Ghersi | Hybrid Bottom-up/Top-down Energy and Economy Outlooks: A Review of IMACLIM-S Experiments[END_REF][START_REF] Hourcade | Hybrid Modeling: New Answers to Old Challenges[END_REF]. In this spirit, Soummane et al. (2019) developed the KLEM-KSA model to investigate the macroeconomics of reduced Saudi oil-export income at the 2030 horizon. They showed that structural weakening of the oil price would slow down Saudi growth and increase unemployment, while significantly cutting down trade-surplus accumulation and increasing the public debt. They then demonstrated how domestic energy-pricing reforms could mitigate some of these losses if they were partly recycled in higher investment, irrespective of their impact on energy intensity. The level of aggregation of their analysis only allowed for crude descriptions of both production activities (two aggregate sectors) and the secondary distribution of income (rough estimates of public budget balances, no assessment of debt accumulation).

Comparingly, our modeling breaks down energy supply into four sectors and non-energy activity into nine sectors, thereby allowing exploration of diversification options. It also extends to the secondary distribution of income between households, firms, public administrations and the rest of the world, thus producing original outlooks on the Saudi national debt and its distribution across domestic agents. With this tool, we produce dynamic outlooks at medium-term horizons of yet unexplored macroeconomic scenarios combining sectoral diversification, energy-pricing and public budget reforms.

The rest of our paper is organized as follows. We present our modeling method in Section 2. In Section 3, we describe two mitigation scenarios inspired by the Saudi NDC, then comment on scenario results in Section 4. We conclude and highlight policy implications in Section 5.

THE IMACLIM-SAU MODEL

Salient features

IMACLIM is an economy-wide model representing the supply and demand of goods and services, with the specific purpose of articulating with engineering representations of the energy system to produce consistent energyeconomy outlooks [START_REF] Ghersi | Hybrid Bottom-up/Top-down Energy and Economy Outlooks: A Review of IMACLIM-S Experiments[END_REF][START_REF] Hourcade | Hybrid Modeling: New Answers to Old Challenges[END_REF]Hourcade, 2006). IMACLIM exists in a global multi-regional version [START_REF] Crassous | Endogenous Structural Change and Climate Targets. Modeling experiments with IMACLIM-R[END_REF][START_REF] Sassi | Imaclim-R: a modelling framework to simulate sustainable development pathways[END_REF] and in country-specific versions currently covering France (Hourcade et al., 2010;[START_REF] Le Treut | Methodological proposals for hybrid modelling: consequences for climate policy analysis in an open economy (France)[END_REF][START_REF] De Lauretis | Energy consumption and activity patterns: an analysis extended to total time and energy use for French households[END_REF], South Africa [START_REF] Schers | Green Growth and its Implications for Public Policy-The Case of South Africa[END_REF], Brazil [START_REF] Lefèvre | Combining low-carbon economic development and oil exploration in Brazil? An energy-economy assessment[END_REF] and India [START_REF] Gupta | Achieving sustainable development in India along low carbon pathways: Macroeconomic assessment[END_REF][START_REF] Gupta | Macroeconomic assessment of India's development and mitigation pathways[END_REF].

The application of IMACLIM to Saudi Arabia, IMACLIM-SAU, is a dynamic simulation model picturing economic growth in yearly time steps as resulting from exogenous assumptions of labor endowment and productivity (the Harrod-neutral assumption on technical progress). The vector of domestic outputs at year 𝑡, 𝑌 𝑡 , is a function of the stock of capital 𝐾 𝑡 , of the labor force 𝐿 𝑡 , and of the intermediate consumption of energy and non-energy resources. Capital stock dynamics follow the standard accumulation rule 𝐾 𝑡+1 = (1 -𝛿) 𝐾 𝑡 + 𝐼 𝑡 , with 𝛿 the depreciation rate, constant over the modeled horizon. Investment 𝐼 𝑡 is the amount of non-energy output used to build up 𝐾 at period 𝑡. Beyond these core Solow-Swann specifications and similar to other country versions, IMACLIM-SAU deviates from the CGE standard by four salient features. 1 Firstly, IMACLIM-SAU calibrates on original hybrid data reconciling national accounting statistics with energy flows and prices statistics. This allows maintaining dual accounting of energy flows in physical and monetary units backed by statistically relevant, agent-specific prices. Hybrid accounting has a significant bearing on benchmark ratios crucial to macroeconomic analysis: the cost shares of energy in productions, the budget share of energy for households and the breakdown of energy consumptions and CO2 emissions across sectors and agents [START_REF] Combet | Construction of hybrid Input-Output tables for E3 CGE model calibration and consequences on energy policy analysis[END_REF][START_REF] Le Treut | Methodological proposals for hybrid modelling: consequences for climate policy analysis in an open economy (France)[END_REF].

Secondly, IMACLIM-SAU treats as exogenous all variables pertaining to the energy system. This feature stems from the model being designed to couple with bottom-up energy expertise [START_REF] Ghersi | Hybrid Bottom-up/Top-down Energy and Economy Outlooks: A Review of IMACLIM-S Experiments[END_REF]. IMACLIM-SAU thus traces growth trajectories building around exogenous energy flows. The cost structure of energy supply beyond its own energy intensity, as well as the specific margins on all energy sales, are also exogenously adjusted to match assumptions on the dynamics of annualized investment, operational expenses, domestic consumer prices and trade prices. Such specifications allocate part of value-added to constrained energy expenses and part of primary factor endowments to constrained energy supply volumes. These constraints on volumes, costs, and prices weigh on economic growth.

Thirdly, IMACLIM-SAU simulates suboptimal growth pathways. One first deviation from optimal growth is that IMACLIM-SAU is a simulation model that builds on exogenous investment pathways not explicitly reflecting the intertemporal optimization of some welfare indicator. A second deviation is that the model, on top of exogenously constraining energy markets, considers imperfect non-energy markets in the form of both mark-up pricing and underutilization of labor. On the labor market, the inertia of real wages prevents full clearing i.e. induces equilibrium unemployment specified through a 'wage curve' correlating the unemployment rate and the 1 Annex A in the Online Appendix presents the formulary and reference tables of the model. Section 2, Annex A and Annex B in the Online Appendix draw from [START_REF] Soummane | The IMACLIM-SAU model version 1.0[END_REF], with a few corrections and modifications. real wage [START_REF] Blanchflower | The wage curve reloaded[END_REF]. The specification captures well the characteristic rigidity of Saudi wages [START_REF] Devaux | Economic diversification in the GCC: dynamic drive needs to be confirmed[END_REF].

Lastly, IMACLIM-SAU is carefully adapted to Saudi macroeconomics. These are uncommonly specific regarding both investment and saving behavior, and the trade balance. On investment and savings, the use of the sovereign Saudi fund as a buffer against fluctuations of oil export revenues [START_REF] Alkathiri | Optimal policies for managing oil revenue stabilization funds: An illustration using Saudi Arabia[END_REF] requires departing from the CGE standard of fixed savings driving investment. Variations of the sovereign fund amount to variations of national savings meant to smooth out the investment path of the Kingdom. IMACLIM-SAU reflects this macroeconomic policy by implementing the Johansen closure of national savings adjusting to some exogenous investment path, rather than the neoclassical closure of investment adjusting to national savings [START_REF] Taylor | Vanishing income redistributions -Keynesian Clues about model surprises in the short run[END_REF].

On the trade balance, both the currency peg that has been fixing the value of the Saudi Riyal (SAR) against that of the US dollar since 1986 and the sensitivity of Saudi exports to the global oil price forbid considering the neoclassical standard of an exogenous trade balance resulting from real effective exchange rate (REER) adjustments. One alternate specification is to consider a fixed ratio between Saudi and import prices as a proxy of the fixed exchange rate to the USD. However, statistics reveal that the REER of Saudi Arabia is not fixed, but correlated to the contribution of the trade balance to Saudi GDP. The reason for this correlation is the differentiated impacts of oil price fluctuations on Saudi versus foreign (especially the US) prices (Soummane et al., 2019). IMACLIM-SAU substitutes the correlation to the standard trade-balance constraint for those scenarios considering the maintained administration of domestic energy prices, i.e. our Continuity scenario (see Section 3 and Equation A-32a). Scenarios of energy-pricing reforms like our Transformation scenario, because they modify the Saudi REER through unilateral increases of production costs, require yet another trade specification. We follow the reasoning of Soummane et al. (2019)'s Annex B by dropping the correlation between the REER and the trade balance and forcing the ratio of the 'rental price' of domestic value-added to foreign prices of our Continuity scenario, in our Transformation scenario (Equation A-32b).

Model calibration

We calibrate IMACLIM-SAU at its 2013 base year on the original 'hybrid' energy-economy dataset of Soummane and Ghersi (2019). Additionally, to improve the relevance of modeled trajectories, we perform dynamic calibration for the years 2014 to 2017 targeting GDP, unemployment, and trade balance statistics, under the constraint of observed investment efforts, energy flows, and prices.

The latter calibration targets macroeconomic variables common to IMACLIM-SAU and the compact KLEM-KSA model of Soummane et al. (2019). We therefore follow Soummane et al.'s (2019) procedure and refer to their Annex D.2 for its description. The static calibration is similar to that of KLEM-KSA but extends in two directions: the breakdown of activity in 13 sectors, four of which are energy sectors (Table 1), and the secondary distribution of income between households, firms, public administrations and the foreign 'rest-of-the-world' agent (see Annex B in the Online Appendix). 

SCENARIO NARRATIVES AND PARAMETERIZATION

Considering its level of sectoral and distributional detail, we limit our exploration to the 2030 horizon, where we can both sustain its parameterization with a mix of governmental and expert views, and assume prolongation of KSA macroeconomics, particularly the currency peg to the USD. At that horizon, we focus on two contrasted scenarios.

Energy-intensive development with limited diversification: The Continuity scenario

Since the establishment of the Royal Commission for Jubail and Yanbu (RCJY) in 1975, the KSA has invested heavily in energy-intensive industries. The expansion of such industries benefited from two comparative advantages, namely integration with oil and gas extraction and low regulated energy prices. [START_REF] Jadwa | Petrochemicals and the Vision 2030[END_REF].

The MIN sector has significant untapped potential that the government is willing to mobilize (MGI, 2015). Recent figures show spectacular increases of minerals outputs and exports. 4 Our Continuity scenario assumes that MIN exports grow at 7.1% per year between 2013 and 2030, reflecting the upper bound of MGI (2015).

Finally, the cement sector (NMM) has long been subject to an export ban, but the recent ban lift and the dynamics of adjacent markets, especially those in current or foreseeable reconstruction phases (e.g., Iraq, Yemen, and Syria) could boost the sector's exports. Our Continuity scenario therefore assumes NMM exports increasing at the same 7.1% annual rate as mineral exports.

Proactive economic diversification compatible with higher climate pledges: The

Transformation scenario

Our Transformation scenario builds on the success of horizontal diversification plans and their compatibility with stronger climate commitments, i.e., reflects the central scenario of the Saudi NDC (Saudi Arabia, 2015) and the Vision 2030 program (Saudi Arabia, 2016b). It relies on the reform of energy prices to reduce opportunity costs incurred from domestic rather than international energy sales and to stimulate energy-efficiency gains (see Annex C.1 in the Online Appendix), and on the promotion of manufacturing and service activities as main drivers of transformation of the Saudi economy.

For decades, Saudi manufacturing has been facing competitiveness hurdles like technology gaps, inadequate labor skills and the lack of dedicated infrastructures [START_REF] El Mallakh | Saudi Arabia: Rush to Development (RLE Economy of Middle East): Profile of an energy economy and investment[END_REF]. To overcome such barriers, the Saudi government founded the Industrial Clusters (IC) state agency, which means to identify, support, and activate industrial investment opportunities. National and regional contexts provide promising opportunities for the automotive industry, which would integrate with related upstream branches such as high-grade plastics. HSBC (2018) projects a dynamic annual increase for Saudi transport equipment, machinery and other manufactured exports at around 10% per year on average from 2017 to 2030. We retain this accelerated trend for the exports of the MAN sector of our Transformation scenario.

Turning to services, we consider tourism and finance given the Kingdom's background and regional experiences.

Exports of touristic activities account for most of services exports and almost 6% of total exports in 2013 [START_REF] Cdsi | [END_REF]. In the next decade, tourism is expected to grow rapidly, increasing its contribution to GDP, employment, and trade [START_REF] Al Yousif | Tourism development effect on saudi economic diversification[END_REF]. Indeed, the KSA plans to reach 30 million visitors for Umrah alone by 2030, up from the current eight million (Saudi Arabia, 2016b). Exports of insurance and financial services account for only 17% of total Saudi services exports, compared with almost 50% for Bahrain, 5 where they contributed to the decreased dependence on hydrocarbon revenues [START_REF] Callen | Economic diversification in the GCC: Past, present, and future[END_REF]. In our Transformation outlook, we consequently set Construction and Services (C&S) exports to grow at an annual rate of 6.7%. This figure is close to the average growth of religious tourism between 2005 and 2014 (MGI, 2015) and reflects its targeted increase up to 2030 (Saudi Arabia, 2016b).

One additional dimension of Transformation regards public finances. The Saudi government currently derives income mostly from companies of the energy and energy-intensive sectors (see Annex B.1 in the Online Appendix). The Transformation scenario offers the opportunity to gradually disengage the government from direct economic activity by empowering the private sector (Saudi Arabia, 2016a). Fiscal reforms must compensate for this shift, which is an important dimension of the Kingdom's economic modernization. 6 Our Transformation outlook consequently considers the gradual increase of corporate taxes from the calibration rate of 2.5% (the Zakat) to the current world average of 23.0% (Tax Foundation, 2018) by 2030. Although the increase is substantial, the 2030 rate remains below the current 27.4% average across G20 countries.

Scenario parameterization

In IMACLIM-SAU, economic growth primarily proceeds from exogenous increases of labor endowment and productivity. For these two drivers, both our scenarios replicate the assumptions of Soummane et al. (2019) reflecting projections by the International Labor Organization and Oxford Economics. The resulting trend of efficient-labor growth is +2.2% per year, compounding into a potential 45.7% increase of real GDP between 2013 and 2030 (Table 2).

We exposed in sections 3.1 and 3.2 how our scenarios rest on differentiated export trends. In each scenario, we apply to all not-singled-out non-energy sectors a default trend equal to the aggregate export-trend assumption of Soummane et al. (2019), which reflects growth projections for the main export markets of the Middle East and North Africa by the IMF (2016b). The favorable trade impulses of target sectors must not be considered incremental sources of growth. They are rather forced alternative allocations to activities of the country's primary factor endowments, while the main growth driver of efficient-labor increases is unaffected by scenarios.

The compared merits of the two allocations hang on the compared input structures and ex-ante international competitiveness of targeted sectors, which determine their abilities to concretize the potential growth embedded in efficient-labor dynamics.

On energy, both scenarios share a common international oil-price trajectory consistent with ambitious global distinction between scenarios is the Saudi strategy concerning crude oil production and exports. In the Continuity scenario, we assume that the KSA sticks to its projected output according to IEA (2017). Under this assumption, output reaches 12.7 million barrels per day by 2030, which is close to the current production capacity of the Kingdom. Oil exports endogenously result from the difference between output and domestic consumption. In the Transformation scenario, we choose to maintain oil exports at their levels of the Continuity scenario by adjusting output, taking account of domestic demand. Thus, the KSA avoids any 'market-flooding' strategy (see Annex C.4 in the Online Appendix) that might have negative effects on oil prices (Blazquez et al., 2017).

Lastly, both scenarios reflect the introduction by the Kingdom of a value-added tax (VAT) at 5% in 2018, which they maintain up to 2030. 

SCENARIO RESULTS

We implement the two scenarios of Section 3 in IMACLIM-SAU running in annual steps from 2013 to 2030. In the following subsections, we report on macroeconomic indicators, public accounts dynamics, energy consumptions and carbon emissions. For reference purposes, we synthesize below the main simulation results at end-horizon (Table 3). Annex D in the Online Appendix provides some sensitivity analysis of the Transformation scenario. 

Macroeconomics

The Continuity and Transformation scenarios project real GDP growth from 2013 to 2030 at 43.2% and 45.1% respectively, i.e. 2.5 points below potential (efficient-labor) growth for the former scenario versus 0.6 points below potential growth for the latter. The key to the performance of Transformation is in the changed sectoral allocation of primary factors of production via structural change, as well as in the additional investment effort that its public budget performance allows funding. General equilibrium effects must not be overlooked when interpreting such results. The higher labor intensities of MAN and C&S imply lower average labor productivity under Transformation than under Continuity. Higher employment cannot therefore be the cause, but can only be the consequence of higher activity. The cause lies in the other primary-factor market, that of capital. Under Continuity, the high capital intensities of target sectors put strong pressure on capital demand, which induces sharp increases of capital costs. Transformation orients growth towards less capital-intensive sectors and secures enough public resources to allow increasing the investment effort in later projection years (see Section 4.2 below). At end-horizon, the ratio of capital to labor costs is thus 11.5% higher under Continuity than under Transformation, in part given higher real wages under

Transformation. The increase of capital costs hampers both the purchasing power of households and the competitiveness of Saudi exports on international markets via producer prices. The adverse impact on activity is reinforced by the possibility of equilibrium unemployment. Under Transformation, the trade surplus contribution to GDP is lower in later years and ends at 5.6% in 2030.

The gradually weakening dynamics reflect exports of energy-intensive sectors suffering from energy-pricing reforms (see Annex C.1 in the Online Appendix). In 2030, the ratios of domestic to foreign prices of CHM and NMM under Transformation are thus 10.8% and 17.7% above their levels under Continuity. Consequently, real exports of MIN, CHM, and NMM grow by 54.1%, 44.5% and 39.7% from 2013 to 2030, respectively, i.e.

significantly less than their assumed trends of 76.6% outside relative-price shifts (see Table 2). Yet, the trade balance of the Transformation scenario benefits from a higher contribution of refined products, resulting from domestic energy savings redirected to exports (see Section 4.3). A recent application on Kuwait using a CGE model capturing its oil-dependent features matches some of our findings on how energy price reforms counter negative oil price shocks and foster economic diversification, thus boosting economic growth [START_REF] Shehabi | Diversification effects of energy subsidy reform in oil exporters: Illustrations from Kuwait[END_REF].

Public accounts dynamics

After The poor public-accounts performance of Continuity is all the more striking as Continuity favors energy-intensive activities, a major source of public income (see Annex B.1 in the Online Appendix). This is an important drawback of Continuity because the current large public savings serve as a buffer against oil price volatility. The KSA held 725.5 billion USD reserve assets in 2013, almost equivalent to that year's GDP. By the end of 2017, the sharp decline of the oil price from 2015 on had prompted public intervention that had reduced reserve assets by 31.6%, to under USD 500 billion, and the gross public debt had climbed to 17.2% of GDP after the Kingdom's first issuance of international bonds in decades. Reliance on energy-intensive activities without any broad fiscal reform to expand the tax base turns out to jeopardize the capacity of the Kingdom to maintain such macroeconomic policy.

Energy consumption and CO2 emissions

IMACLIM-SAU projections of the energy consumptions of productive activities reflect exogenous assumptions on sectoral energy intensities, which we extract from dedicated runs of the KAPSARC Energy Model (KEM) for the most important of them (see Annex C.2 in the Online Appendix).

Under Continuity, total Saudi energy consumptions rise 90.3% above 2013 level by 2030 (Table 5). The increase partly results from our assumption that the maintained regulation of energy prices at low levels does not foster any energy-efficiency gains in non-energy activities. However, it is more than twice that of real GDP (see Section 4.1) and also reflects structural change as well as the rapid growth of households' consumptions (see Annex C.2 in the Online Appendix). Its bulk thus comes from energy-intensive industries and the power sector ( down CHM and ELE emissions by 75.2% and 70.9% in 2030 compared with Continuity. In total, Transformation emissions end at 404.9 Mt, 507.9 Mt (-55.6%) below Continuity levels. The gap between the two scenarios is almost four times the Saudi NDC target of curbing down CO2 emissions by 130 Mt in 2030 (Saudi Arabia, 2015). Thus, Saudi Arabia could largely increase its international commitments if it implemented the Transformation 

CONCLUSION AND POLICY IMPLICATION

In this paper, we investigate the impact of diversification strategies of the Kingdom of Saudi Arabia (KSA) in response to rapid global climate action inducing depressed oil prices. To do so, we extend the work of Soummane et al. (2019) into a multi-sectoral framework with explicit representation of the secondary distribution of income and consecutive debt accumulation.

Over its projection horizon to 2030, our numerical modeling associates the diversification strategy of Transformation toward non-energy-intensive sectors and fiscal reforms with higher growth and lower unemployment than Continuity of expansion of energy-intensive industries. By structural change and through reforming energy prices, Transformation succeeds in containing domestic energy consumptions, whereas Continuity inflates them significantly beyond real economic growth. Also, the energy-price increases of Transformation induce partial decarbonization of energy supply that roughly leads to stabilization of Saudi CO2 emissions from 2023 on, at a level significantly below that of 2013 and largely below that of Continuity emissions.

Lastly, through cuts in energy subsidies and gradual fiscal reforms, Transformation considerably improves public budget outlooks by restoring surpluses from 2025 on. In this regard, Continuity proves a dead-end by failing to hedge against the IEA-projected 2025 downturn of the international price of oil associated with its Sustainable Development Scenario's global peak in oil demand, thus inducing substantial public deficits and the consecutive accumulation of a net public debt ultimately jeopardizing the Saudi growth model.10 However, our Transformation scenario rests on export impulses fostering activity shifts and on generalized reforms of the energy sector and taxation system, whose enabling conditions require further investigation. The take-off of non-oil trade demands increasing the productivity and competitiveness of the Saudi private sector, which has been a hurdle to past diversification plans. Export-oriented services and industries rely on the capacity of the authorities to channel investment towards high value-added branches, in which the KSA could benefit from comparative advantages (e.g., geographical location, size of the domestic market, regional leadership). For the manufacturing industries, the KSA could rely on technology transfer and integration with its regional market.

Energy efficiency gains not only lessen the impacts of energy-pricing reforms on the costs of producers and the budgets of households, but also free up additional refined-products export capacity. Efficiency programs must focus on waste reduction and demand-side management to limit necessary investments, thus reaching efficiency objectives at least cost.

Finally, IMACLIM-SAU surmises perfect labor mobility across sectors, which contradicts the rigidity of the Saudi labor market resulting from its high level of regulation, notably on foreign workers. Similarly, ripping the benefits of Transformation calls for an improvement of education and training programs to meet its skill requirements, especially for Saudi nationals. Indeed, Vision 2030 highlights the necessity of aligning the educational system with future market needs and Saudi authorities launched the National Labor Gateway (TAQAT), which aims at determining the skills and knowledge required by each socio-economic sector (Saudi Arabia, 2016b).
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ONLINE APPENDIX TO Structural Transformation Options of the Saudi Economy Under Constraint of Depressed World Oil Prices

Salaheddine Soummane a , Frédéric Ghersi b , Franck Lecocq c

Annex A IMACLIM-SAU FORMULARY

IMACLIM-SAU operates in a dynamic recursive framework where yearly economy-wide equilibria are connected by accumulation of the capital stock, financial debts and chained price indexes. From a mathematical point of view, each yearly equilibrium results from the solving of a system of simultaneous non-linear equations:

𝑓 1 (𝑥 1 , 𝑥 2 … , 𝑥 𝑛 , 𝑦 1 , 𝑦 2 … , 𝑦 𝑚 ) = 0 𝑓 2 (𝑥 1 , 𝑥 2 … , 𝑥 𝑛 , 𝑦 1 , 𝑦 2 … , 𝑦 𝑚 ) = 0 . . . 𝑓 𝑛 (𝑥 1 , 𝑥 2 … , 𝑥 𝑛 , 𝑦 1 , 𝑦 2 … , 𝑦 𝑚 ) = 0
With 𝑥 𝑖 a set of 𝑛 variables, 𝑦 𝑖 a set of 𝑚 parameters and 𝑓 𝑖 a set of 𝑛 functions, for some of them linear, for some of them non-linear, in 𝑥 𝑖 . The 𝑓 𝑖 functions embody constraints of either an accounting nature or a behavioral nature. The accounting constraints impose themselves on the modeler for the sake of consistency.

The behavioral constraints, quite distinctively, convey the modeler's views on economic causalities and correlations.
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The count of equations and variables depends on whether IMACLIM-SAU models regulated energy prices or not.

Regulated versus reformed energy prices affect equations ( 32), ( 57) and ( 58), which shift from (a) to (b) variants.

Because of indexed notation, each equation covers up to 169 constraints (the intermediate prices of 13 products into 13 productions). The detail is as follows:

 Equations ( 4), ( 7), ( 8), ( 10), ( 11), ( 12), ( 14), ( 15), ( 16), ( 17), ( 18), ( 19), ( 20), ( 21), ( 23), ( 24), ( 25), ( 26), ( 27), ( 28), ( 31), (32) (a or b), ( 33), ( 34), ( 37), ( 40), ( 42), ( 43), ( 45), ( 47), (60), and (61) cover one constraint each: 32 constraints.

 Equation (58b) covers 2 constraints.

 Equations ( 9), ( 50), ( 58a) and ( 59) cover 4 constraints each: 16 constraints in the regulated (a) variant, 12 constraints in the reformed (b) variant.

 Equation ( 13) covers 8 constraints.

 Equations ( 1), ( 2), ( 3), ( 29), ( 30), ( 48) cover 9 constraints each (for 9 non-energy goods): 54 constraints.

 Equations ( 5), ( 6), ( 22), ( 35), ( 36), ( 38), ( 39), ( 41), ( 44), ( 46), ( 49), ( 51), ( 53), ( 54), ( 55) and ( 56), cover 13 constraints each (one equation per sector): 208 constraints.

 Equation (57b) covers 26 constraints.

 Equation (57a) covers 52 constraints.

 Equation ( 52) covers 169 constraints (input-output prices).

The version considering regulated energy prices (a variants) thus counts 539 constraints, while that considering reformed prices (b variants) counts 511 constraints. The following table identifies the 539/511 variables (Var.

count of last-but-one column) matching these numbers of constraints with, when differentiated, the count of the regulated model on the left side and that of the reformed model on the right side of a slash sign. The table also lists all parameters of the model, which for most of them are calibrated at base-year level on our hybrid dataset, for some others stem from other external sources. (A-3)

The of proper estimates for Saudi substitution elasticities led to borrow these parameters from the literature [START_REF] Okagawa | Estimation of substitution elasticities for CGE models[END_REF]. The net debt of foreign agents 𝐷 𝑅𝑂𝑊 balances out domestic assets and liabilities:

𝐷 𝑅𝑂𝑊 = -∑ 𝐷 𝑗 𝑗=𝐻,𝐹,𝐺
(A-34)

A.5 Market clearings

Goods markets

The balance of goods markets is between resources, which comprise domestic production ------Continuity------------Transformation----- The exogenous prices of oil and gas affect the supply costs of refined products and electricity via the hybrid input-output matrix. Under Transformation, on top of increased oil and gas prices, we assume reductions of the negative margins on the sales of refined products (which reflect the differential between the average resource price and the consumption prices of each sector and households) reaching 50% in 2030. Likewise, we assume cuts on subsidies to electricity sales to both firms and households reaching 50% by 2030. Both parameters remain constant throughout our projection horizon under Continuity.

Additionally, we adjust the capital intensity of the ELE sector to capture the impact of changes of the energy mix backing power supply. Under continued energy-pricing regulation, KEM projects the power mix to remain based on fossil fuels, although forecasting a gradual shift toward natural gas. Under reformed energy prices, it projects the power mix to shift to solar photovoltaic (PV) and nuclear sources [START_REF] Matar | The Prospects for Coal-fired Power Generation in Saudi Arabia[END_REF]. Using capital expenditure and operation and maintenance costs from [START_REF] Matar | The Prospects for Coal-fired Power Generation in Saudi Arabia[END_REF] 

------Continuity------------Transformation-----

C.3 Energy trade prices

Oil trade accounts for 83% of Saudi exports earning, of which 73% are crude oil exports at 7 million barrels per day (mb/d) during the past decade (SAMA, 2018). This makes crude oil price the main variable of interest for energy trade. Although OPEC supplies 40% of world oil demand, with Saudi Arabia acting as leader with 30% of the Organization's supply, its impact on oil price is not established. There is no agreement about OPEC's market power. Many authors argue that the 'cartel' strategy was established only during some periods, and that OPEC's strategy has been evolving [START_REF] Fattouh | OPEC: what difference has it made?[END_REF]. [START_REF] Brémond | Does OPEC still exist as a cartel? An empirical investigation[END_REF] show that OPEC has been acting as a price taker for most of the period following the first oil shock (1973), and that cartel behavior only concerns a sub-group of the Organization. Some even argue that the cartel status of OPEC has never existed [START_REF] Cairns | OPEC: Market failure or power failure?[END_REF]. In the light of these claims, we assume that the KSA does not influence world prices and build both our Continuity and Transformation scenarios on a common exogenous assumption of the world oil price trajectory. Blazquez et al. (2017) adopt a similar specification.

We take this trajectory from the Sustainable Development Scenario (SDS) of IEA ( 2017). The dramatic oil-price decline of the end of 2014 resulted in historically low investment levels (IEA, 2016). Facing increasing global oil demand peaking only in the mid-2020s, the current under-investment in oil resources lifts the oil price up until 2025. From then on up to 2030, the global penetration of electric mobility and higher efficiency gains in the transport sector in addition to tightened climate policies cause global oil demand to decline, ending 16.6 mb/d or 16% lower than that of the less ambitious New Policy Scenario (NPS) in 2030. The oil price follows a similar trend, declining to 69 USD in 2030 or 26.6% below the price of the NPS scenario.

A fraction of Saudi energy exports consists of refined products. We link the price of such products to that of crude oil via a differential that we assume constant over time and across scenarios. We calibrate the differential as the ratio of the weighted average of the prices of exported petroleum products to the price of crude oil. The ratio is around 0.96 in 2013. Its low level stems from the fact that Saudi exports of refined products consist mainly of both heavy (fuel oil) and extra-light products (LPG and naphtha). 6 Similarly to exports, we assume that the average import price of refined fuels is indexed on oil prices over our projection horizon and across scenarios.

  reductions of CO2 emissions highlighting the challenge facing oil-dependent economies. Beyond dynamic calibration years, i.e., from 2018 to 2030, we use the price trajectory of the Sustainable Development Scenario of the International Energy Agency (IEA, 2017). By contrast, as presented in sections 3.1 and 3.2 scenarios diverge on domestic energy prices. The Continuity scenario assumes maintained regulation at current real levels while the Transformation scenario considers ambitious reforms (see Annex C.1 in the Online Appendix). They consequently diverge on induced energy-efficiency gains (see Annex C.2 in the Online Appendix). Another
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 1 Figure 1: Trade balance contribution to GDP under Continuity versus Transformation

  running large surpluses during the high-oil-prices decade of 2004 to 2013, at almost 12% of GDP on average, the Saudi public budget deteriorated from 2014 on and recorded a 15.8% deficit in 2015(SAMA, 2018). This makes the estimation of budget-related variables a crucial scenario result. The level of sectoral and distributional detail of IMACLIM-SAU offers significantly finer computations of the distributive effects of diversification policies, including on public accounts, than the rough estimates ofSoummane et al. (2019).Under our set of assumptions regarding public expenditures and income (see Equations A-19 to A-26), 2014 to 2017 budget balance estimates, although uncontrolled by dynamic calibration, are reasonably close to observed statistics (Figure2).
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 2 Figure 2: Public budget balance under Continuity versus Transformation

Figure 3 :

 3 Figure 3: Net public debt under Continuity versus Transformation

  scenario while treating Continuity as the baseline from which reductions are assessed. Such a move would send a strong positive signal to the global community considering the importance of Saudi positions in international climate negotiations.

Figure 4 :

 4 Figure 4: Total CO2 emissions under Continuity versus Transformation

Table 1 : IMACLIM-SAU sectors Abbreviation Goods and services Specification

 1 

	OIL	Crude oil	Hybrid
	GAS	Natural gas	Hybrid
	REF	Refined petroleum products	Hybrid
	ELE	Electricity	Hybrid
	AGR	Agriculture, hunting, forestry, and fishing products	Non-hybrid
	MIN	Other mining products	Non-hybrid
	CHM	Chemicals and petrochemicals	Non-hybrid
	NMM	Non-metallic minerals (including cement)	Non-hybrid
	MAN	Manufactured products	Non-hybrid
	C&S	Construction and services (commercial and public)	Non-hybrid
	WTP	Water transport services	Non-hybrid
	ATP	Air transport services	Non-hybrid
	OTP	Other transport services	Non-hybrid

  2 In 2004, 2009 and 2015, the RCJY successively grew with the Jubail II and Yanbu II projects, the Ras Al Khair city dedicated to mining activities and the Jazan city dedicated to downstream activities. The Vision 2030 program, although a strategic

	plan to reduce the Kingdom's reliance on oil, still identifies activities related to hydrocarbons as pillars of the
	economy producing revenue crucial to the plan's success.
	Our Continuity scenario prolongs this trend of strong development of energy-intensive industries under national
	climate policy action of lesser ambition, corresponding to the alternative scenario ("scenario 2") of the Saudi
	NDC (Saudi Arabia, 2015). It assumes unchanged energy-price regulations resulting in weak energy-efficiency
	gains (see Annex C in the Online Appendix) combined to export stimuli as main policy drivers of the further
	expansion of energy-intensive industries. We translate the latter assumption in IMACLIM-SAU by acting on
	exogenous export trends (see Equation A-30 of Annex A in the Online Appendix), which modify sectoral activity
	and consequently, investment flows. We focus export-trend boosts on three sectors explicitly mentioned in
	"scenario 2" of the Saudi NDC, namely petrochemicals (CHM), mining (MIN) and cement (NMM). 3
	Saudi petrochemical exports grew rapidly in recent years and currently account for around 60% of non-oil exports
	earnings (SAMA, 2018). Although their growth slowed down following the oil price slump of 2015 and 2016, it
	recovered in 2017, recording a rate of +12.8%. This rate is only slightly above its +10.7 % annual average since
	2005. Our Continuity scenario assumes that the latter average prevails up to 2030. The strong dynamics are
	expected to proceed from the combination of increased current productions and the development of new
	productions

Table 2 : Main scenario parameters

 2 Transformation additionally increases the corporate tax rate exponentially from its 2.5% value of 2017 to 23% in 2030 (see Section 3.2). To account for potential feedbacks from contrasted publicbudget performances, we cap public surplus at 1% of GDP and assume that extra net public income is redirected to supplemental investment.

		Calibration	------Continuity------	----Transformation----
	Macroeconomic drivers	2013	2030	AAGR a	2030	AAGR
	Labor endowment (index) b	1.00	1.38	+1.9%	1.38	+1.9%
	Labor productivity	1.00	1.05	+0.3%	1.05	+0.3%
	Efficient Labor (index) c	1.00	1.46	+2.2%	1.46	+2.2%
	Structural change drivers	2013	2030	AAGR	2030	AAGR
	Default export trend d	1.00	1.76	+3.4%	1.76	+3.4%
	MIN export trend	1.00	3.20	+7.1%	1.76	+3.4%
	CHM export trend	1.00	4.19	+8.8%	1.76	+3.4%
	NMM export trend	1.00	3.20	+7.1%	1.76	+3.4%
	MAN export trend	1.00	1.76	+3.4%	3.86	+8.3%
	C&S export trend	1.00	1.76	+3.4%	3.00	+6.7%
	Energy system parameters	2013	2030	AAGR	2030	AAGR
	World oil price	108	69	-2.6%	69	-2.6%
	(2016 USD per barrel)					
	Domestic energy prices	Regulated	Unreformed e	Reformed f	
	Crude oil output (Mtoe)	454.4	625.6		Endogenous	
	Crude oil exports (Mtoe)	381.9	Endogenous	Equal to Continuity
	Energy efficiency	-	Low gains e	High gains e	
	Fiscal parameters	2013	2030	AAGR	2030	AAGR
	Corporate income tax rate	2.5%	2.5%	0%	23.0%	12.3%
	Value-added tax rate	0%	5% (from 2018 on)	5% (from 2018 on)

a AAGR is the average annual growth rate from 2013 to 2030. Drivers other than structural change drivers have non-constant annual growth rates available from the authors upon request.

b Labor endowment is reported as index following common CGE practice (see e.g.,

[START_REF] Rutherford | Applied general equilibrium modeling with MPSGE as a GAMS subsystem: An overview of the modeling framework and syntax[END_REF] 

and to clarify the computation of the efficient labor index (see below). It figures in full-time equivalents in the model (see Table

A1

of online appendix).

c Efficient labor gains are the product of labor endowment and labor productivity gains. d Default trend applies to non-energy sectors unless otherwise specified. e See Annex C.1 in the Online Appendix. f See Annex C.2 in the Online Appendix.

Table 3 : Summary of modeling results at 2030 horizon Indicator Calibration 2013 Continuity 2030 Transformation 2030 2030 variation from Cont. to Transf.

 3 

	Real GDP, Bn 2013 SAR	2,773	3,973	4,025	+1.3%
	Trade balance, % GDP	+24.6%	+9.8%	+5.6%	-4.3 pts
	Cumulated 2013-2030 trade surplus, Bn 2013 USD	-	1,183	994	-16.0%
	Unemployment rate	5.6%	8.6%	6.9%	-1.7 pts
	Public budget balance, % GDP	+5.6%	-5.2%	+1.0%	+6.2 pts
	Net public debt, % GDP	-95.9%	+14.9%	-21.0%	-35.9 pts
	CO2 emissions, Mt	502	913	405	-55.6%

Sources: Calibration data (see Section 2.2), IMACLIM-SAU simulations. "Pts" stands for percentage points.

  Transformation channels an increasing share of investment towards non-energy-intensive sectors. In 2030, capital stocks of the MAN and C&S activities end up 12.6% and 6.2% above their levels under Continuity, respectively. At that year, MAN and C&S mobilize 8.0% and 85.2% of the non-energy capital stock.7 The shares are respectively 0.7 percentage points (pts) and 3.5 pts lower under Continuity. Conversely, Continuity concentrates a higher share of capital stock in CHM, at 7.5% of the capital of non-energy sectors in 2030 versus 3.4% under Transformation. These investment dynamics reflect the forced evolution of aggregate demand via export boosts, which reorients activity towards target sectors. Continuity increases the activity shares of MIN, CHM and NMM to 5.8% of GDP in 2030 against 3.1% under Transformation. By contrast, Transformation induces a higher contribution from MAN and C&S, who increase the sum of their shares to 57.4% of Saudi GDP in 2030 versus 52.1% under Continuity.Activity dynamics drive the scenarios' consequences on employment. The MAN and C&S sectors targeted by Transformation are labor-intensive compared to the CHM, NMM and MIN sectors targeted by Continuity.

Compared to Continuity, the surges of activity in the C&S and MAN sectors of the Transformation scenario therefore create significantly more employment (+424.3 thousand jobs) than the decreases of CHM, NMM and MIN activities destroy (-142.1 thousand jobs, see Table

4

). The net difference totals 269.6 thousand jobs in 2030, which translates into a 1.7-point gap between the unemployment rates of Transformation, at 6.9%, and Continuity, at 8.6%.

Table 4 : Net employment creation by sector, thousand full-time equivalents Sector Continuity 2030 versus 2013 Transformation 2030 versus 2013 2030 variation from Cont. to Transf.
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	OIL	28.6	16.3	-12.2
	GAS	17.4	-0.5	-17.9
	REF	11.2	10.4	-0.8
	ELE	31.8	12.1	-19.7
	AGR	101.1	142.3	41.3
	MIN	2.8	0.8	-2.0
	CHM	145.6	20.7	-124.9
	NMM	77.6	62.3	-15.2
	MAN	121.8	216.9	95.1
	C&S	3107.7	3436.8	329.2
	WTP	8.6	9.1	0.5
	ATP	16.0	20.0	4.0
	OTP	61.0	53.3	-7.7
	Total	3,731.1	4,000.6	269.6

Source: IMACLIM-SAU simulations. Sector codes are those of Table

1

. Numbers may not add up due to rounding.

Table 5

 5 

).

By contrast, Transformation brings total Saudi consumption 1.9% below 2013 level in 2030, or 243.1 million tons of oil-equivalent (Mtoe) below Continuity level. Around half the scenario gap comes from curtailed energy consumptions of CHM (-117.5 Mtoe) and an additional 40% from ELE sector (-89.6 Mtoe). In CHM, abatement follows on significant output reductions in favor of MAN and C&S. In ELE, the bulk of energy savings stems from the phase-out of crude oil as primary energy and its replacement by renewables-mainly solar PV, notably from 2023 on-and nuclear projected by KEM. Low-carbon options are not explicitly represented in IMACLIM-SAU but are captured by higher capital intensity and lower fossil intensity of the ELE sector. 8 Under our assumption common to both scenarios of a moderate increase of refining capacities (see Annex C.4 in the Online Appendix), the combined sectoral energy savings of Transformation result in an additional 25.9 Mtoe or 29.3% exports of refined products (+4.6% total energy exports) compared to Continuity in 2030.

Table 5 : Variations of domestic energy consumptions Sector Continuity 2030 versus 2013 Transformation 2030 versus 2013 2030 variation from Cont. to Transf.

 5 

	OIL							n/a			n/a				n/a
	GAS							n/a			n/a				n/a
	REF						+58.5%			+54.2%				-2.7%
	ELE						+74.6%			-41.8%				-66.7%
	AGR						+25.7%			+3.9%				-17.4%
	MIN						+108.6%			-15.7%				-59.6%
	CHM						+246.1%			-16.4%				-75.9%
	NMM						+43.2%			-9.2%				-36.6%
	MAN						+28.7%			-12.2%				-31.8%
	C&S						+46.3%			+38.6%				-5.3%
	WTP						+40.2%			+20.0%				-14.4%
	ATP						+57.3%			+22.4%				-22.2%
	OTP						+52.0%			+18.3%				-22.2%
	Households					+64.6%			+28.2%				-22.2%
	Total						+90.3%			-1.9%				-48.5%
														9% and 23.8%,
	respectively (at 373.3 Mt and 217.3 Mt) of total Saudi CO2 emissions in 2030. At that horizon, emissions of these
	sectors are 76.3% and 234.3% higher than their respective 2013 levels. Conversely, the reduced CO2 emissions
	of Transformation largely reflect lower CHM activity and changes of the energy mix of power supply, which cut
	9 We track CO2 emissions as products of energy inflows and IPCC (2006) coefficients of kg CO2 per TJ of consumption: 73,300 for crude oil;
														2013 Saudi CO2
	emissions	at	501.6	Mt	i.e.	4.8%	above	the	478.6	Mt	reported	in	the	EDGAR	database
	(https://edgar.jrc.ec.europa.eu/overview.php?v=CO2ts1990-2013).							

Source: IMACLIM-SAU simulations. Sectoral non-commercial auto-consumptions are not recorded in the input-output framework of the model (i.e., oil and gas consumption within the oil and gas industry). From an energy balance perspective, the consumptions of the REF and ELE sectors are primary consumptions for transformation purposes, while other consumptions are final consumptions.

The energy mix of projected consumptions of the Continuity scenario is almost as carbon-intensive as that of 2013. Consequently, the 90.3% increase of consumptions over our projection period results in an 82.0% increase in CO2 emissions, which reach 912.8 million tons (Mt) in 2030. 9 Comparatively, Transformation significantly abates CO2 emissions, which end 19.3% below 2013 level in 2030 (Figure

4

). In line with energy consumptions, the large increase in Continuity is mainly attributable to ELE and CHM, which account for 40.56,100 for natural gas and for refined products; 77,400 in NMM and WTP (mainly fuel oil consumptions); 69,300 in CPS and OTP (mainly gasoline consumptions); 71,500 in ATP (mainly kerosene consumptions) and 73,300 in other sectors. Exceptions are the crude oil inflows into refineries (no emissions, computed for final uses of refined products) and the petrochemical sector, for which we consider IEA (2019) estimates of shares of stored carbon: 80% for refined products and 33% for natural gas. With this method, we estimate

Table A .1: IMACLIM-SAU notations

 A 𝑋 𝑖Export of good 𝑖. Exports of GAS and ELE are exogenously set to 0 in both scenarios. Additionally, exports of OIL are exogenous in the Transformation scenario (Annex C.4).𝑌 𝑖Domestic output of good 𝑖. Outputs of OIL and REF are exogenous in the Continuity scenario. Output of REF alone is exogenous in the Transformation scenario (Annex C.4). 𝑝 𝑀𝑖 Import price of good 𝑖. The import prices of non-energy goods are constant (non-energy imports are the model's numéraire). See Annex C.3 for the specific assumptions regarding the import prices of energy.𝜏 𝑆𝑀𝐶𝑖 Specific margin on households' consumption of good 𝑖. In the Continuity scenario, the four margins on energy sales adjust to warrant administered energy prices. In the Transformation scenario, the margins on GAS and OIL adjust to align domestic prices on international prices while the margins on ELE and REF are constant parameters (prices are liberalized).𝜏 𝑆𝑀𝑖𝑗 Specific margin on good 𝑖 consumption in good 𝑗 production. In the Continuity scenario, the margins on sales of all energy goods to all sectors adjust to warrant administered prices. In the Transformation scenario, the margins on GAS and OIL adjust to align domestic prices on international prices while the margins on ELE and REF are constant parameters (prices are liberalized).Trade-offs in the production of energy goods 𝐸 = {𝑂𝐼𝐿, 𝐺𝐴𝑆, 𝑅𝐸𝐹, 𝐸𝐿𝐸} are exogenous assumptions based on KEM and IEA data (see Annex C).Non-energy productions follow a standard nested production tree. At the bottom of the tree, capital and labor trade off with a constant 𝜎 𝐾𝐿𝑖 elasticity of substitution to form the value-added aggregate 𝐾𝐿 𝑖 . The mobilized quantity of labor 𝐿 𝑖 is however augmented by a productivity factor 𝜙, while both the labor and capital inputs are also adjusted by dynamic calibration factors 𝛺 (see Annex B.2). Therefore 𝐾𝐿 𝑖 = (𝛼 𝐾𝐿𝑖 (𝛺 𝐾 𝐾 𝑖 ) 𝜌 𝐾𝐿𝑖 + 𝛽 𝐾𝐿𝑖 (𝛺 𝐿 𝜙𝐿 𝑖 ) 𝜌 𝐾𝐿𝑖 )

	Notation 𝐶 𝑖 𝐷 3 Description Var. Final consumption of good 𝑖 by households. Consumptions of energy goods are exogenous (see Annex C.2). Consumption of AGR is exogenous as well (follows population dynamics). 8 𝐺 𝑖 Final public consumption of good 𝑖. 𝜋 𝑖 Rate of net operating surplus (mark-up) in the production of good 𝑖. 0 𝜌 𝐾𝐿𝑖 Parameter of substitution of 𝐾 to 𝐿 in good 𝑖 production. 0 13 𝐼 𝑖 Final consumption of good 𝑖 in investment. 13 𝐾 𝑖 Total capital stock in sector 𝑖. 13 𝐿 𝑖 Total labor demand from sector 𝑖 13 𝐾𝐿 𝑖 Value-added 𝐾𝐿 intensity of the production of non-energy good 𝑖. 9 𝑀 𝑖 Imports of good 𝑖. Imports of REF are exogenous (Annex C.4), imports of OIL, GAS and ELE are exogenously set to 0. 9 𝑁𝐿𝐵 𝑗 Net lending or borrowing of agent 𝑗 ∈ {𝐻, 𝐹, 𝐺, 𝑅𝑂𝑊} (households, firms, public administrations, foreign agents). 4 𝑁 𝑃 Pensioned population 0 𝑁 𝑇 Total population 0 𝑁 𝑈 Unemployed population 1 𝑅 𝐶 Consumption budget of households 1 𝑅 𝑗 Gross disposable income of agent 𝑗 ∈ {𝐻, 𝐹, 𝐺} (households, firms, public administrations). 3 𝑆 𝑖 Total supply of good 𝑖. 13 11/10 11/12 𝑎 𝐾𝐿𝑖 Parameter of substitution of 𝐾 to 𝐿 in good 𝑖 production. 0 𝑏 𝐾𝐿𝑖 Parameter of substitution of 𝐾 to 𝐿 in good 𝑖 production. 0 𝑖 𝑗 Effective interest rate on the net debt of agent 𝑗 ∈ {𝐻, 𝐹, 𝐺}. 0 𝑝 𝐶𝑖 Price of good 𝑖 for households. See Annex C.1 for the specific assumptions regarding energy prices. 13 𝑝 𝐺𝑖 Public price of good 𝑖. 13 𝑝 𝐼𝑖 Investment price of good 𝑖. 13 𝑝 𝐿𝑖 Cost of labor input in the production of good 𝑖. 13 4 𝑝 𝐾𝐿 𝑖 Price of value-added good 𝐾𝐿 in non-energy sector 𝑖. 9 𝑝 𝑆𝑖 Average price of good 𝑖 supply (output and imports). 13 𝑝 𝑋𝑖 Export price of good 𝑖. See Annex C.3 for the specific assumptions regarding the export prices of energy. 13 𝑝 𝑌𝑖 Output price of good 𝑖. 13 𝑝 𝑖𝑗 Price of good 𝑖 for the production of good 𝑗. See Annex C.1 for the specific assumptions regarding intermediate energy prices. 169 𝑠 𝐼 Investment effort as a share of GDP. 2013 to 2017 efforts are indexed on The World Bank statistics. From 2018 on, the ratio linearly converges to its 2013-2017 average in 2030. 0 𝑡 𝐸𝑇𝐶𝑖 Net energy tax per unit of household consumption of good 𝑖. 0 𝑡 𝐸𝑇𝐺𝑖 Net energy tax per unit of public consumption of good 𝑖. 0 𝑡 𝐸𝑇𝐼𝑖 Net energy tax per unit of good 𝑖 immobilization. 0 𝑡 𝐸𝑇𝑖𝑗 Net energy tax per good 𝑖 consumption in good 𝑗 production. 0 𝑡 𝑂𝑇𝐶𝑖 Net other excise tax per unit of household consumption of good 𝑖. 0 𝑡 𝑂𝑇𝐺𝑖 Net other excise tax per unit of public consumption of good 𝑖. 0 𝑡 𝑂𝑇𝐼𝑖 Net other excise tax per unit of good 𝑖 immobilization. 0 𝑡 𝑂𝑇𝑖𝑗 Net other excise tax per good 𝑖 consumption in good 𝑗 production. 0 𝛼 𝑖𝑗 Technical coefficient, good 𝑖 intensity of good 𝑗. 0 𝛿 𝑇𝑀 Scaling factor on transport margins of transport-providing sectors. 1 𝛿 𝑋𝑖 Scaling factor on good 𝑖 exports accounting for the growth trend of Saudi export markets. 0 𝜅 𝑖 Technical coefficient, capital (write-off) intensity of good 𝑖. Exogenous for energy goods. 9 𝜆 𝑖 Technical coefficient, labor intensity of good 𝑖. Exogenous for energy goods. 9 𝜌 𝑇 Average per capita transfers benefitting households outside unemployment benefits and pensions. 1 𝜌 𝑈 Average per capita unemployment benefits. 1 𝜎 𝐾𝐿𝑖 Elasticity of substitution of 𝐾 to 𝐿 in non-energy good 𝑖 production. 0 𝜎 𝑀𝑝𝑖 Elasticity of the contribution of imports into total good 𝑖 supply to the ratio of output to import prices. 0 𝜎 𝑋𝑝𝑖 Elasticity of the share of exports into total good 𝑖 uses to the ratio of import to export prices (does not apply to exports of GAS and ELE, exogenously equal to zero). 0 𝜎 𝑤𝑢 Elasticity of the purchasing power of wages to the unemployment rate. 0 𝜏 𝐶𝑇 Corporate tax rate. 0 𝜏 𝑀𝐼 Average annual monetary inflation rate between the calibration year and all projected years. 0 𝜏 𝐼𝑇 Income tax rate on households' gross disposable income. 0 𝜏 𝐿𝑇𝑖 Social contribution (labor tax) rate applicable to wages in sector 𝑖. 0 𝜏 𝑆 Saving rate of households. 1 4/2 𝜏 𝑆𝑀𝑋𝑖 Specific margin on good 𝑖 exports. Margins on energy exports adjust to accommodate exogenous export prices of energy goods. 4 52/ 26 𝜏 𝑇𝑀𝑖 Transport margin on the sales of good 𝑖. 4 𝜏 𝐶𝑀𝑖 Trade margin on the sales of good 𝑖. 1 𝜏 𝑉𝐴𝑇𝑖 Value-added tax rate applying to the consumption of good 𝑖. 0 𝜏 𝑌𝑖 Output tax rate on the production of good 𝑖. 0 𝜔 𝐾𝐺𝑖 Share of capital income of sector i accruing to public administrations. 0 𝜔 𝐾𝐻 Share of total capital income accruing to households. 0 𝜔 𝑂𝑇𝑗 Ratio to GDP of not-elsewhere accounted for transfers accruing to agent 𝑗 ∈ {𝐻, 𝐹, 𝐺} (households, firms, public administrations). 0 𝛽 𝐼 Scaling factor of immobilizations from calibration year. 1 𝛽 𝐺 Scaling factor of public consumptions from calibration year. 1 𝜙 𝐿 Scaling factor of labor productivity (technical progress) from calibration year. 0 𝛺 𝐵 Adjustment factor inversely affecting imports and exports of the non-energy good (see Annex B.2). 0 𝛺 𝐿 Adjustment factor affecting labor productivity (see Annex B.2). 0 𝛺 𝐾 Adjustment factor affecting capital productivity (see Annex B.2). 0 𝛺 𝑤 Adjustment factor affecting real wage correlated to unemployment via the wage curve (see Annex B.2). 0 𝐵 Trade balance at current prices. 1 𝐶𝑃𝐼 Consumer price index evolution from calibration year. 1 𝑀𝑃𝐼 Import price index evolution from calibration year. 1 𝐺𝐷𝑃 Gross domestic product. 1 𝐺𝑂𝑆 𝑖 Gross operating surplus of sector 𝑖. 13 𝐿 Total active population (labor endowment) in full-time equivalents. 0 𝑆𝑀 𝑖 Specific margin in sector 𝑖. 13 𝑇 Total taxes and social contributions. 1 𝑢 Unemployment rate. 1 𝑝 𝐾 Rental price of capital 1 𝑤 Average net wage across all sectors. 1 𝑤 𝑖 Net wage in sector 𝑖. Producers' trade-offs 1 𝜌 𝐾𝐿𝑖 , with here and elsewhere, for convenience, 𝜌 𝑖 = 𝜎 𝑖 -1 𝜎 𝑖 . Facing prices 𝑝 𝐾 and 𝑝 𝐿𝑖 , cost Par. 5 0 13 13 0 0 0 0 4 0 1 1 0 0 0 0 2/3 2/1 13 13 3 0 0 0 0 9 0 0 0 0 0 1 13 13 13 169 13 13 13 169 169 0 1 4 4 0 0 9 9 11 1 1 1 1 13 0 9/11 9 117/ 143 9 12 13 13 13 1 3 0 0 1 1 1 1 1 0 0 0 0 0 1 0 0 0 0 0 minimization induces: ∀ 𝑖 ∉ 𝐸 𝐿 𝑖 = 1 𝛺 𝐿 𝜙 ( 𝛺 𝐿 𝜙𝛽 𝐾𝐿 𝑖 𝑝 𝐿 𝑖 ) 𝜎 𝐾𝐿 𝑖 (𝛼 𝐾𝐿 𝑖 𝜎 𝐾𝐿 𝑖 ( 𝑝 𝐾 𝛺 𝐾 ) 1-𝜎 𝐾𝐿 𝑖 + 𝛽 𝐾𝐿 𝑖 𝜎 𝐾𝐿 𝑖 ( 𝑝 𝐿 𝑖 𝛺 𝐿 𝜙 ) 1-𝜎 𝐾𝐿 𝑖 ) -1 𝜌 𝐾𝐿 𝑖 𝐾𝐿 𝑖 (A-1) ∀ 𝑖 ∉ 𝐸 𝐾 𝑖 = 1 𝛺 𝐾 ( 𝛺 𝐾 𝛼 𝐾𝐿 𝑖 𝑝 K ) 𝜎 𝐾𝐿𝑖 (𝛼 𝐾𝐿 𝑖 𝜎 𝐾𝐿 𝑖 ( 𝑝 K 𝛺 K ) 1-𝜎 𝐾𝐿 𝑖 + 𝛽 𝐾𝐿 𝑖 𝜎 𝐾𝐿 𝑖 𝑝 𝐿 𝑖 𝛺 L 𝜙 ) 1-𝜎 𝐾𝐿 𝑖 ) -1 𝜌 𝐾𝐿 𝑖 𝐾𝐿 𝑖 (A-2) All secondary factor intensities are exogenous, taken from either KEM (energy intensities) or constant at calibration-year value (non-energy intensities). The value-added intensity of non-energy productions is constant (Leontief assumption): 13 A.1 Firms ∀ 𝑖 ∉ 𝐸 𝐾𝐿 𝑖 𝑌 𝑖 𝐾𝐿 𝑖0 = 𝑌 𝑖0
	𝜌 𝑃	Average per capita pensions benefitting the retired population.	1	0

𝑗

Net debt of agent 𝑗 ∈ {𝐻, 𝐹, 𝐺, 𝑅𝑂𝑊} (households, firms, public administrations, foreign agents). 4 0

𝐺𝐹𝐶𝐹 𝑗

Gross fixed capital formation of agent 𝑗 ∈ {𝐻, 𝐹, 𝐺} (households, firms, public administrations).

Table A .2: Elasticities of substitution of capital and labor

 A 

	Sector	𝝈 𝑲𝑳
	OIL	0.139
	GAS	0.139
	REF	0.046
	ELE	0.46
	AGR	0.023
	MIN	0.139
	CHM	0.33
	NMM	0.358
	MAN	0.046
	WTP	0.31
	ATP	0.31
	OTP	0.31
	C&S	0.31

Net lending and borrowing and net financial debt

  The firms' gross disposable income 𝑅 𝐹 consists of the remainder of the Gross Operating Surpluses (𝐺𝑂𝑆) of sectors, taking account the shares accruing to households and public administrations, and a share 𝜔 𝑂𝑇𝐹 of GDP as residual transfers, minus interest payments on their net financial debt 𝐷 𝐹 , at rate 𝑖 𝐹 , and corporate taxes at rate 𝜏 𝐶𝑇 on their net operating surplus ∑ 𝜋 𝑖 𝑝 𝑖 𝑌 𝑖The share 𝜔 𝑂𝑇𝐹 , the interest rate 𝑖 𝐹 and the corporate tax rate 𝜏 𝐶𝑇 are constant over time at their 2013 calibration values.The 𝐺𝑂𝑆 of sector i is the sum of the consumption of fixed capital 𝑝 𝐾 𝐾 𝑖 , the net operating surplus 𝜋 𝑖 𝑝 𝑖 𝑌 𝑖 and the specific margins 𝑆𝑀 𝑖 (which do not sum to 0 after the calibration year): C&S sector on the same 𝛿 𝑝 𝐾𝐿 trajectory that it follows in our Continuity scenario (implicitly, relative to the numéraire of IMACLIM-SAU i.e. the basket of non-energy foreign goods):

			𝑝 𝐾𝐿_𝐶𝑃𝑆 = (1 + 𝛿 𝑝 𝐾𝐿 ) 𝐷 𝑅𝐸𝐸𝑅 ,		(A-32b)
	with 𝐷 REER the value of 𝑝 𝐾𝐿 at calibration year.						
	The Rest of the world (ROW) agent balances out trade (by selling imports ∑ 𝑝 𝑀𝑖 𝑖	𝑀 𝑖 and buying exports
	∑ 𝑝 𝑋𝑖 𝑖	𝑋 𝑖 ), property income and interest payments. Its net lending or borrowing capacity 𝑁𝐿𝐵 𝑅𝑂𝑊 is thus:
		𝑁𝐿𝐵 𝑅𝑂𝑊 = ∑ 𝑝 𝑀𝑖 𝑖	𝑀 𝑖 -∑ 𝑝 𝑋𝑖 𝑖	𝑋 𝑖 -∑	𝑗=𝐻,𝐹,𝐺	𝑖 𝑗 𝐷 𝑗	-∑	𝑗=𝐻,𝐹,𝐺	𝜔 𝑂𝑇𝑗 𝐺𝐷𝑃	(A-33)
			𝑖	:					
		𝑅 𝐹 = ∑ 𝐺𝑂𝑆 𝑖 𝑖	-∑ 𝜔 𝐾𝐺𝑖 𝐺𝑂𝑆 𝑖 𝑖	-𝜔 𝐾𝐻 ∑ 𝐺𝑂𝑆 𝑖 𝑖
		+ 𝜔 𝑂𝑇𝐹 𝐺𝐷𝑃 -𝑖 𝐹 𝐷 𝐹 -𝜏 𝐶𝑇 ∑ 𝜋 𝑖 𝑝 𝑖 𝑌 𝑖 𝑖	(A-4)

Table C .1: Assumptions on domestic oil and gas prices In SAR/ton-of-oil equivalent Calibration 2013

 C 𝑌 𝑖 and imports 𝑀 𝑖 , and uses, which consist of the consumptions of all sectors ∑ 𝛼 𝑖𝑗 𝑌 𝑗 𝑗 , households' and public consumptions 𝐶 𝑖 and 𝐺 𝑖 , immobilizations 𝐼 𝑖 and exports 𝑋 𝑖 . For energy goods, the data hybridization process results in this equation being expressed in thousand tons-of-oil-equivalent (ktoe), in consistency with the 2013 Saudi energy balance of the IEA. The public consumptions and immobilizations of all energy goods are equal to zero at calibration year and remain so up to projection horizons by national accounting convention for the former and by definition for the latter. trade, although dwarfed by oil trade, must compensate any statistical discrepancy between our sources for the oil price and exports on one side (IEA data), and the aggregate trade balance contribution to GDP on the other side (World Bank data). Calibrated values appear in bold script, projections to 2030 for selected years in light script. per barrel in 2030, and domestic natural gas prices from 1.25 USD per million British thermal unit (MBtu) to around 4 USD MBtu (in constant 2016 dollars). These reforms annihilate opportunity costs (the national oil company becomes indifferent between selling oil domestically or abroad) and foster efficiency gains.

	Table B.1: Adjustment factors resulting from 2014-to-2017 calibration			
		2014	2015	2016	2017	2020	2025	2030
	𝛺 𝐾	0.964	0.962	1.003	0.975	0.976	0.978	0.981
	𝛺 𝐿	1.011	1.027	1.075	1.065	1.058	1.047	1.036
	𝛺 𝑤	1.005	1.011	1.021	1.023	1.020	1.016	1.012
	𝛺 𝐵	0.736	0.790	1.012	1.104	1.061	0.992	0.928

Note:

Table C .2: Projected consumer prices of refined products and electricity In SAR/ton-of-oil equivalent

 C and IEA (2016), and accounting for the low rates of capacity use at base-year as well as for the extra costs of handling intermittency in the case of solar PV, we translate KEM projections into a gradual decrease of the capital intensity of ELE in our Continuity scenario, reaching 20% in 2030 compared with base year; and, conversely, in a gradual increase of the capital intensity of ELE in our Transformation scenario, reaching 18% in 2030 compared with base year.TableC.2 reports the refined fuels (REF) and electricity (ELE) prices resulting from the above assumptions.

		Calibration	------Continuity------	------Transformation------
		2013	2030	AAGR	2030	AAGR
	𝑝 𝑅𝐸𝐹_𝐸𝐿𝐸	85.4	147.2	+3.3%	1,183.0	+16.7%
	𝑝 𝑅𝐸𝐹_𝐶𝐻𝑀	111.6	174.8	+2.7%	1,205.9	+15.0%
	𝑝 𝑅𝐸𝐹_𝑁𝑀𝑀	49.5	77.6	+2.7%	1,151.7	+20.3%
	𝑝 𝑅𝐸𝐹_𝑀𝐴𝑁	65.4	102.4	+2.7%	1,165.5	+18.5%
	𝑝 𝑅𝐸𝐹_𝐶𝑃𝑆	654.1	671.4	+0.2%	1,679.4	+5.7%
	𝑝 𝑅𝐸𝐹_𝑊𝑇𝑃	49.5	76.0	+2.5%	1,151.7	+20.3%
	𝑝 𝑅𝐸𝐹_𝐴𝑇𝑃	679.7	742.3	+0.5%	1,701.7	+5.5%
	𝑝 𝑅𝐸𝐹_𝑂𝑇𝑃	274.4	466.5	+3.2%	1,348.0	+9.8%

Table C .3: Assumptions on domestic energy consumptions Domestic energy use (index 1 in 2013) Calibration 2013

 C 

  volume of energy 𝑖 input into production 𝑗 is 𝛼 𝑖_𝑗 , with sector codes those of Table 1. Households' consumption of energy good 𝑖 is 𝐶 𝑖 . Unreported volumes are non-existent. AAGR is the Average Annual Growth Rate.

			2030	AAGR	2030	AAGR
	𝛼 𝑂𝐼𝐿_𝑅𝐸𝐹	1.00	1.00	id.	1.00	id.
	𝛼 𝑂𝐼𝐿_𝐸𝐿𝐸	1.00	1.71	+3.2%	0.00	-100.0%
	𝛼 𝑂𝐼𝐿_𝑁𝑀𝑀	1.00	0.86	-0.9%	0.60	-1.9%
	𝛼 𝑂𝐼𝐿_𝑀𝐴𝑁	1.00	1.00	id.	0.60	-1.9%
	𝛼 𝐺𝐴𝑆_𝐸𝐿𝐸	1.00	0.95	-0.3%	0.93	-0.4%
	𝛼 𝐺𝐴𝑆_𝑀𝐼𝑁	1.00	1.00	id.	0.60	-1.9%
	𝛼 𝐺𝐴𝑆_𝐶𝐻𝑀	1.00	1.08	+0.4%	0.60	-1.9%
	𝛼 𝐺𝐴𝑆_𝑁𝑀𝑀	1.00	0.96	-0.3%	0.60	-1.9%
	𝛼 𝐺𝐴𝑆_𝑀𝐴𝑁	1.00	1.00	id.	0.60	-1.9%
	𝛼 𝑅𝐸𝐹_𝐸𝐿𝐸	1.00	0.34	-6.1%	0.20	-9.0%
	𝛼 𝑅𝐸𝐹_𝐶𝐻𝑀	1.00	1.84	+3.6%	0.60	-1.9%
	𝛼 𝑅𝐸𝐹_𝑁𝑀𝑀	1.00	0.90	-0.6%	0.60	-1.9%
	𝛼 𝑅𝐸𝐹_𝑀𝐴𝑁	1.00	1.00	id.	0.60	-1.9%
	𝛼 𝑅𝐸𝐹_𝐶𝑃𝑆	1.00	1.00	id.	1.00	id.
	𝛼 𝑅𝐸𝐹_𝑊𝑇𝑃	1.00	1.00	id.	0.83	-1.1%
	𝛼 𝑅𝐸𝐹_𝐴𝑇𝑃	1.00	1.00	id.	0.71	-2.0%
	𝛼 𝑅𝐸𝐹_𝑂𝑇𝑃	1.00	1.00	id.	0.80	-1.3%
	𝛼 𝐸𝐿𝐸_𝑅𝐸𝐹	1.00	1.00	id.	1.00	id.
	𝛼 𝐸𝐿𝐸_𝐴𝐺𝑅	1.00	1.00	id.	0.78	-2.8%
	𝛼 𝐸𝐿𝐸_𝑀𝐼𝑁	1.00	1.00	id.	0.78	-2.8%
	𝛼 𝐸𝐿𝐸_𝐶𝐻𝑀	1.00	1.20	+1.1%	0.50	-2.8%
	𝛼 𝐸𝐿𝐸_𝑁𝑀𝑀	1.00	1.32	+1.7%	0.78	-2.8%
	𝛼 𝐸𝐿𝐸_𝑀𝐴𝑁	1.00	1.00	id.	0.78	-2.8%
	𝛼 𝐸𝐿𝐸_𝐶𝑃𝑆	1.00	1.00	id.	0.78	-2.8%
	𝐶 𝑅𝐸𝐹	1.00	1.60	+2.8%	1.24	+1.3%
	𝐶 𝐸𝐿𝐸	1.00	1.70	+3.2%	1.33	+1.7%

The

For example,[START_REF] Moya | Production costs from energy-intensive industries in the EU and third countries[END_REF] report that the price of natural gas for some industrial activities in Saudi Arabia is one tenth what it is in Europe.

Due to lack of data, we drop metal production as a distinct sector although it is cited in the Kingdom's NDC.

https://www.export.gov/apex/article2?id=Saudi-Arabia-Mining-and-Minerals.

MGI (2015, p. 112) argues that the KSA should consider the "introduction of a modern system of taxation, along the lines of fiscal systems common to all G20 emerging economies".

The share of the capital stock mobilized in energy sectors stems from the exogenous energy trajectories backing each scenario (see Annex C in the Online Appendix).

We use reference technology costs of IEA (2016) to compute the capital costs incurred by the investment chronogram projected by KEM.

The unfolding COVID-19 crisis could accelerate this 2025 tipping point and the compared desirability of the Transformation option. The crisis is too recent to be reflected in our analyses: at the time of writing, there is strong uncertainty on its immediate consequences and repercussions in further years, including on oil markets.

https://www.onlyelevenpercent.com/energy-efficiency-saudi-arabia/.

According to the 2013 Saudi energy balance(IEA, 2015), the export mix is 29% of LPG, 26% of naphtha, 24% of fuel oil, 10% of diesel, 9% of kerosene and 2% of gasoline.
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𝐺𝑂𝑆 𝑖 = 𝑝 𝐾 𝐾 𝑖 + 𝜋 𝑖 𝑝 𝑌 𝑖 𝑌 𝑖 + 𝑆𝑀 𝑖 (A-5)

The sum of specific margins on sector 𝑖 sales is:

𝑆𝑀 𝑖 = ∑ 𝜏 𝑆𝑀𝑖𝑗 𝑝 𝑆𝑖 𝛼 𝑖𝑗 𝑌 𝑗 𝑗 + 𝜏 𝑆𝑀𝐶 𝑖 𝑝 𝑆𝑖 𝐶 𝑖 + 𝜏 𝑆𝑀𝑋 𝑖 𝑝 𝑆𝑖 𝑋 𝑖 (A-6)

The margins on non-hybrid sales (the sales of those goods without satellite accounts on physical flows, in the case of IMACLIM-SAU all non-energy goods) are equal to zero. Additionally, for each hybrid good, the sum of margins on all sales is equal to zero at calibration year, by construction of the IOT.

At projection years, all positive trade and transport margins remain at their calibration values while the negative margins, which correspond to those sectors providing the underlying trade and transport services (in the case of IMACLIM-SAU the C&S sector for trade and the C&S, WTP, ATP and OTP sectors for transport), adjust to warrant accounting balances:

∑ 𝜏 𝐶𝑀𝑖 𝑝 𝑆𝑖 (∑ 𝛼 𝑖𝑗 𝑗 𝑌 𝑗 + 𝐶 𝑖 + 𝐺 𝑖 + 𝐼 𝑖 + 𝑋 𝑖 ) 𝑖 = 0 (A-7)

∑ 𝜏 𝑇𝑀𝑖 𝑝 𝑆𝑖 (∑ 𝛼 𝑖𝑗 𝑗 𝑌 𝑗 + 𝐶 𝑖 + 𝐺 𝑖 + 𝐼 𝑖 + 𝑋 𝑖 ) 𝑖 = 0 (A-8)

∀𝑖 ∈ {𝐶𝑃𝑆, 𝑊𝑇𝑃, 𝐴𝑇𝑃, 𝑂𝑇𝑃} 𝜏 𝑇𝑀𝑖 = (1 + 𝛿 𝑇𝑀 ) 𝜏 𝑇𝑀𝑖0 (A-9)

The firms' investment effort 𝐺𝐹𝐶𝐹 𝐹 is equal to total investment net of the investment of households and public administrations:

The net lending or borrowing (NLB) of firms 𝑁𝐿𝐵 𝐹 is the difference between the firms' disposable income and investments:

𝑁𝐿𝐵 𝐹 = 𝑅 𝐹 -𝐺𝐹𝐶𝐹 𝐹 (A-11)

The firms' net financial debt 𝐷 𝐹 evolves according to the accumulated NLBs-the net financial debts of domestic agents are the only dynamic variables other than the capital stock and the chained price indexes. Monetary inflation at annual rate 𝜏 𝑀𝐼 degrades the real value of the debt. At date t:

𝐷 𝐹,𝑡 = (1 -𝜏 𝑀𝐼 ) 𝐷 𝐹,𝑡-1 -𝑁𝐿𝐵 𝐹,𝑡 (A-12)

A.2 Households

Consumer trade-offs

Households' final consumption 𝐶 𝑖 are exogenous for energy goods as well as for agricultural goods AGR. For lack of analysis in the available literature, the remainder of the consumption budget allocates according to the Cobb-Douglas assumption of constant budget shares: 

Income, savings, investment, NLB and net debt

The after-tax gross disposable income of households 𝑅 𝐻 proceeds from primary factor income, social transfers, property income and an aggregate of other secondary transfers. 

The investment effort of households 𝐺𝐹𝐶𝐹 𝐻 is indexed on both disposable income 𝑅 𝐻 and the aggregate investment effort 𝑠 𝐼 :

With 𝐴 𝐺𝐹𝐶𝐹𝐻 a constant calibrated on base-year values. The net lending or borrowing of households 𝑁𝐿𝐵 𝐻 is the difference between their disposable income and their consumption and investment:

Similar to firms, the net household debt at date 𝑡 resulting from the accumulation of NLBs is:

A.3 Public administrations

Public income

The gross disposable income of public administrations 𝑅 𝐺 derives from taxes and social security contributions 

Public expenditures and budget balance

The value of total public consumption is a constant 𝑠 𝐺 ratio to 𝐺𝐷𝑃:

Sectoral public expenses grow homothetically from calibration year:

With 𝐴 𝐺𝑖 a set of constants calibrated at base year.

Social transfers per capita, 𝜌 𝑈 , 𝜌 𝑃 and 𝜌 𝑇 , are indexed on the average wage:

With 𝐴 𝜌𝑃 , 𝐴 𝜌𝑈 and 𝐴 𝜌𝑇 three constants calibrated at base year.

Public investment is indexed on total investment. This effectively maintains the public contribution to investment at calibration-year level (37.7%), which is close to the observed average between 2010 and 2016 (SAMA, 2018) at 36.2% of total investment.

With 𝐴 𝐺𝐹𝐶𝐹𝐺 a constant calibrated at base year. Similar to firms or households, the NLB of public administrations is the difference between disposable income and investment:

The public debt accumulates as:

𝐷 𝐺,𝑡 = (1 -𝜏 𝑀𝐼 ) 𝐷 𝐺,𝑡-1 -𝑁𝐿𝐵 𝐺,𝑡 (A-28) 

A.4 International trade and the foreign agent

Both the long-lasting peg of the Saudi riyal to the US dollar and the sensitivity of Saudi exports to the world oil price forbid considering that real effective exchange rate (REER) variations balance Saudi trade (see Section 2).

Our Continuity scenario rather constrains the REER to reflect the significant statistical relationship between the REER and the trade balance contribution to GDP detected and explained by Soummane et al. (2019). To specify the relationship, we tested several functional forms including a linear link (with an R 2 of 0.622), with little impact on model results. We settle on an exponential form, which exhibits an R 2 of 0.674. This relationship defines the REER as an exponential function of the trade-balance-to-GDP ratio:

with 𝐵 𝑅𝐸𝐸𝑅 and 𝐶 𝑅𝐸𝐸𝑅 calibrated on 1986 to 2015 statistical observation of the two variables (see Figure 1 of Soummane et al., 2019), and 𝐴 𝑅𝐸𝐸𝑅 the adjustment that allows fitting 2013 data.

In our Transformation scenario we drop the constant REER assumption to rather acknowledge the impact of the massive increase of regulated energy prices on the REER by constraining the price of value-added (𝐾𝐿) in the

Labor market

On the labor market, a 'wage curve' describes the elasticity of real wage (the purchasing power of wage 𝑤) to unemployment 𝑢. The real wage 𝑤/𝐶𝑃𝐼 attached to unemployment at 2013 level (5.6%) is defined as the 2013 average real wage multiplied by labor productivity increase 𝜙 and a wage moderation factor 𝛺 𝑤 (see Annex B.2)

via the calibration of one constant 𝐴 𝑢 :

The net wages in all sectors evolve in parallel to 𝑤:

The cost of labor is equal to the wage increased by labor tax contributions:

Labor demands of all sectors and unemployment balance out labor endowment 𝐿:

For each sector, labor consumption and output are conventionally related via labor intensity:

The unemployed population 𝑁 𝑈 is:

Capital markets

On the capital market, sectoral demands balance out capital endowment 𝐾:

With for each sector, similarly to labor:

Investment

Investment expenses ∑ 𝑝 𝐼 𝑖 𝐼 𝑖 𝑖 form an exogenous share 𝑠 𝐼 of 𝐺𝐷𝑃 (investment in energy goods is equal to zero except for stock variations that are cancelled out in the data-hybridization process).

The sectoral structure of investment remains unchanged from the base year to projected horizons:

with 𝐴 𝐼𝑖 constants calibrated on 2013 data.

GDP

𝐺𝐷𝑃 is defined on the expenditure side as:

A.6 Producer and consumer prices

For non-energy goods, the price of the value-added aggregate 𝑝 𝐾𝐿 𝑖 is a canonical function (𝐾𝐿 𝑖 being a CES product of 𝐾 𝑖 and 𝐿 𝑖 ) of prices 𝑝 𝐾 𝑖 and 𝑝 𝐿 𝑖 and of the elasticity of substitution of the two inputs 𝜎 𝐾𝐿 𝑖 :

The output or producer price of goods 𝑖 𝑝 𝑌 𝑖 is the sum of input costs, output taxes at a 𝜏 𝑌𝑖 rate, and is subject to a mark-up rate 𝜋 𝑖 corresponding to the rent on natural resources and/or the net operating surplus:

The import prices of non-energy goods are exogenous and constant (these goods act as the collective numéraire of the model). The import prices of energy goods follow exogenous trajectories that are indexed on the price of value-added in the C&S sector, to account for the differentiated impact of oil-price variations on the Saudi and foreign economies (see Annex C.3):

With 𝐴 𝑝𝑀𝑖 the ratios of the (year-specific) exogenous international energy prices and the price of value-added in the C&S sector at base year.

The price 𝑝 𝑆 𝑖 of the total resource in good 𝑖, 𝑆 𝑖 , is inferred from:

Turning to purchasers' prices, the price of good 𝑖 for the production of good 𝑗, 𝑝 𝑖𝑗 , is equal to the resource price of good 𝑖 augmented from commercial margins 𝜏 𝐶𝑀 𝑖 , transport margins 𝜏 𝑇𝑀 𝑖 , agent-specific margins 𝜏 𝑆𝑀 𝑖𝑗 , energy taxes 𝑡 𝐸𝑇𝑖𝑗 and other excise taxes 𝑡 𝑂𝑇𝑖𝑗 :

The consumer prices of households, public administrations, the investment good and exports are constructed similarly with additional value-added taxes (except exports) but drop the unnecessary specific margins when energy is not concerned (public consumption, investment):

Additionally, the exogenous prices of some energy goods are indexed on the price of value-added in the C&S sector (by adjustment of specific margins) following Annex C.1.

In scenarios of continued energy-price regulation, e.g. our Continuity scenario of Section 3.1, all domestic energy prices are regulated:

With 𝐴 𝑝𝑖𝑗 and 𝐴 𝑝𝐶𝑖 parameters computed as the ratios of the (year-specific) regulated energy prices and the price of value-added in the C&S sector at base year (see Annex C.1).

In scenarios of energy pricing reforms like our Transformation scenario of Section 3.2, only the prices of OIL and GAS are anchored to exogenous assumptions, which shift from the historical low regulated prices to international references (see Annex C.1):

With 𝐴 𝑝𝑖𝑗 and 𝐴 𝑝𝐶𝑖 defined as above. The household prices of OIL and GAS are only set up for the sake of consistency because both underlying consumptions are currently equal to zero and remain so in all scenarios (see Annex C.2).

Irrespective of energy pricing reforms, energy export prices are at exogenous values indexed on the price of value-added in the C&S sector (see Annex C.3):

With 𝐴 𝑝𝑋𝑖 the ratios of the (year-specific) exogenous international energy prices and the price of value-added in the C&S sector at base year.

The consumer and import price indexes 𝐶𝑃𝐼 and 𝑀𝑃𝐼 are computed as chained indexes, i.e. from one period to the next, according to Fisher's formula: 

Annex B CALIBRATION OF IMACLIM-SAU B.1 Secondary distribution of income

On top of the hybridization of energy flows, 4 we expand the original CDSI and GSTAT supply-and-use table data by disaggregating total labor costs between labor tax contributions and net labor payments. We base our disaggregation on Saudi legislation regarding insurance contributions. These comprise the social contributions that employers pay for their Saudi employees (we derive the share of Saudi employment from SAMA, 2018), which amount to 10% of the employee's salary and are due to the General Organization for Social Insurance (GOSI). Also, a 2% accident insurance for both national and non-national employees, and a 2% unemployment insurance, which is shared equally between employers and Saudi employees. We also modify CDSI accounts to represent the substantial public subsidy on electricity prices to both activity sectors and households. On the side of expenditures, we split investment among households, public administrations and firms by allocating to households the 'residential building construction' expenses from SAMA (2018); to government, the dedicated series from national accounts (SAMA, 2018); and to firms, the remainder of total investment from the original input-output table.

The additional data required to specify secondary income distribution among households, firms, public administrations and foreign agents (the 'rest-of-the-world' or RoW) are not available from the national accounts of CDSI (2014). We therefore turn to supplementary sources along the following lines.

We distribute the gross operation surplus (GOS) of sectors across the three domestic agents as follows. Firstly, we allocate to households the income from the real estate and renting activities sector of the original IOT of CDSI. Secondly, we assume that public authorities capture:

 85% of the GOS from oil and gas extraction activities, corresponding to the upper bound of the prevailing taxation applied by the Saudi government to this branch;

 71% of the GOS of the refining sector, corresponding to the share of the public Aramco company in the Saudi refining capacity;

4 Which extends to energy taxes and subsidies (see Soummane et al., 2019).

 81% of the GOS of the electricity sector, corresponding to the government's share in Saudi Electricity Company;

 50% of the GOS of mineral activities, corresponding to the government's share in the national company Ma'aden;

 And 70% of the GOS of petrochemical activities, corresponding to the government's share in SABIC.

Firms collect the remainder of the total GOS as indicated by CDSI. The resulting distribution of GOS is of 16.4%

to households, 44.7% to the government and the remaining 38.9% to firms.

Concerning direct taxes, corporate taxes apply at a rate of 20% on profits accruing to shareholders of other nationalities than those of the Gulf Cooperation Council (GCC). For GCC shareholders (including Saudi ones), there is a 2.5% zakat on profits. Although we already isolate energy-related activities, it remains challenging to distinguish activities attributable to non-GCC investors. Consequently, we retain only the 2.5% Zakat rate to compute corporate tax payments accruing to the government. Turning to households, there is currently no income tax in force in Saudi Arabia. However, there is a 2.5% Zakat tax, which we apply to households' disposable income.

Concerning social transfers, we calibrate unemployment transfers from public administrations to households on governmental aid in the framework of the 'Hafiz' program from the Human Resource Development Fund. We assume that the 1.11 million job seekers reported by SAMA (2018) for the year 2013 perceived the monthly financial aid of SAR 2,000. Similarly, we equate total pension disbursements from public administrations to households to the sum of pension payments and compensations to civilian and military personnel from SAMA (2018), which reflects data from the Public Pension Agency. For the remainder of social transfers, we consider total transfers from central government reported by Oxford Economics, to which we subtract the above explicit transfers.

Property incomes of the three domestic agents correspond to interest payments (or revenues) on net debt positions (which evolve with the accumulation of net lending or borrowing positions) and thus require specifying interest rates 𝑖, which we assume at 5% for firms and households. Then, the property income is calculated as follows: (i) for households and firms it corresponds to the product of the debt level (see below for calculation) and the interest rate; (ii) for public administration, we use the government's 'other revenue' figures from SAMA for the year 2013, to which we subtract 81% of the ELE operating surplus, the perceived income tax and other taxes. The computed public property income yields an apparent interest rate of 1.3%. The property income of the RoW balances out the sum of domestic property incomes.

We calibrate the net public debt position at our 2013 base year as the sum of the reserve assets reported by SAMA (2018), comprised of investment in foreign securities (71.6%), foreign currency and deposits abroad (26.3%), Special Drawing Rights (1.3%), and reserve position at the IMF (0.7%); net of the total public debt, amounting to 2.1% of GDP during that year. The households' debt for the year 2013 corresponds to the difference between outstanding personal loans, net of assets of investment funds, bank deposits and quasimonetary (assuming a share of 70% for personal purpose), and bank claims. The ROW debt corresponds to the net international investment position from the balance of payments (BoP) minus gold reserves (SAMA, 2018).

The firms' debt balances the total debt of agents.

Finally, we compute an aggregate of remaining 'other transfers' as follows. For households, we use the series of 'Personal transfers', corresponding to workers' remittances, from the Saudi BoP (SAMA, 2018). For public administration, we compute 'other transfers' as the difference between the aggregate budget balance and all resources and expenditures elsewhere accounted for. For the rest of the world, we sum up the opposite of workers' remittances and other net current transfers (i.e., credit minus debit) from the BoP and the governments' secondary income from the BoP. The firms' 'other transfers' simply balance out the 'other transfers' of the other three agents. 

B.2 Calibration on 2014 to 2017 macroeconomics

C.1 Domestic energy prices

After a long period of stagnation of regulated energy tariffs, Saudi Arabia recently engaged in a wide reform of energy pricing (APICORP, 2018). In 2016, the first phase of the reform increased natural gas tariffs by 67%, the price of ethane by 133%, and that of refined products (depending on fuel grade) between 50% and 79%. In 2018, the second phase of the reform targeted households' consumptions. It further increased the price of gasoline between 83% and 127% (depending on fuel grade) and that of residential electricity by 260% (for consumptions lower than 6,000 kWh per month).

Our Continuity scenario builds on the assumption that domestic tariffs remain constant in Saudi Riyals after the two pricing reforms of 2016 and 2018, up to 2030 (Table C.1). Because international non-energy goods act as the collective numéraire of IMACLIM-SAU (all their relative prices are fixed across time for all scenarios), and to take account of the differentiated impact of oil price variations on inflation in Saudi Arabia and abroad, particularly in the US, we follow Soummane et al. (2019, see Annex B.2) by indexing the forced exogenous tariffs on the price of value-added in the C&S sector (see Equations 57 and 58).

However, Saudi authorities are planning further reforms (IMF, 2016; Jadwa, 2018), although they have not communicated target prices. Indeed, energy-pricing reforms are implemented in other Gulf countries, and have accelerated after the sharp decline of the price of oil in 2015 to contain the consecutive massive budget deficits.

Saudi plans may extend to raising energy prices to international levels, as ongoing reforms in Qatar and United Arab Emirates suggest [START_REF] Krane | Energy Subsidy Reform in the Persian Gulf: The End of the Big Oil Giveaway[END_REF]. Our Transformation scenario reflects such assumptions. It assumes that domestic oil and gas prices (e.g., for power generation or water desalination) converge with international prices by 2030. Domestic oil prices consequently rise from 6.35 USD per barrel in 2017 to 69 USD Considering Continuity energy prices, KEM projects an increase of crude oil and natural consumptions into power generation (includes water desalination in KEM) of 189% and 60% from 2013 to 2030. For the remainder of firms' energy consumptions under Continuity, we assume constant energy intensities (constant amounts of energy input by a unit of output).

For households' consumptions, we assume that residential electricity demand grows at an average rate of 3.2% up to 2030, which is 2 percentage points below 2007-to-2016 average and close to the projected 2.8% increase of electricity demand for the Middle-East region by the IEA (2017) in its NPS. In fact, the first round of tariff reforms resulted in declines (for the first time) in 2016, 2017 and 2018 compared with historical growth of electricity consumption, making a structural decline of electricity demand growth plausible compared with its historical trend.

Concerning refined products, we assume that the fleet of light duty vehicles reaches 20 million units by 2030, 5 96% of which personal cars reflecting current shares reported by GSTAT. Moreover, we assume that fuel economy increases to reach average Corporate Average Fuel Economy (CAFE) standards of 17.1 km/l, up from 8 km/l in 2012 [START_REF] Alabbadi | Energy efficiency in KSA: Necessity and expectations[END_REF] and consider IEA estimates of average annual car mileage (IEA, 2009). According to these assumptions, households' fuel uses increase 60% from 2013 to 2030 or at a 2.8% average annual rate (Table C.3).

Under the energy-pricing reforms of Transformation, KEM projects a phase-out of crude oil uses and a 77% decline of refined products uses (resulting from a phase-out of diesel uses) for power generation (including water desalination) between 2013 and 2030. We additionally assume that the hikes of energy tariffs combined with efficiency measures decrease the high energy intensity of the rest of the economy, reflecting wasteful and excessive energy consumptions [START_REF] Fattouh | Energy subsidies in the Middle East and North Africa[END_REF]).

The multisector nature of IMACLIM-SAU allows differentiating efficiency assumptions by sector and energy vector based on additional external sources. We assume that the electricity intensity of industrial sectors decreases by 1.4% annually, corresponding to projected gain by [START_REF] Abb | Saudi Arabia: Energy efficiency report[END_REF] It is important to stress that our assumptions on the energy consumptions of non-energy sectors take the form of intensities, i.e., consumptions per unit output rather than absolute consumptions. Thus, we take into account any discrepancy in sectoral activity between IMACLIM-SAU and that of KEM (see [START_REF] Matar | The Prospects for Coal-fired Power Generation in Saudi Arabia[END_REF] for the activity assumptions backing KEM).

C.4 Energy trade flows and domestic supply

The four energy goods disaggregated by IMACLIM-SAU separate in two groups as regards market balance: one group has exogenous domestic output and imports, and endogenous exports balancing resources and uses; the other group has exogenous imports and exports, and endogenous domestic output balancing resources and uses. Under Continuity, crude oil (OIL) and refined fuels (REF) belong to the former group and natural gas (GAS)

and electricity (ELE) to the latter. Transformation moves OIL from the former to the latter group for reasons explained below.

Our Continuity scenario builds on the assumption that the Saudi output of crude oil reaches mb/d by 2030.

This corresponds to the Saudi oil supply projected by the IEA (2017) in its NPS scenario, i.e. surmises that shifting from NPS to SDS (whose oil prices sustain both our scenarios, see Annex C.3 above) does not affect Saudi output, mostly directed to exports, considering its very low cost-see Annex E.4 of Soummane et al., 2019, for further discussion. Indeed, the KSA is considering reaching this level of output and could already do so by mobilizing its spare capacity [START_REF] Krane | Beyond 12.5: The implications of an increase in Saudi crude oil production capacity[END_REF]. Concerning the output of refined products REF, our two scenarios share the assumption that the Saudi refining capacity will increase from the current level of 2.9 mb/d to 3.3 mb/d by 2030, following up on the opening of the Jazan refinery (0.4 mb/d).

Imports of OIL, GAS and ELE are equal to zero in current statistics as well as in the outlooks of the KEM model sustaining our scenarios. IMACLIM-SAU simulations keep them so at all years and across scenarios. Imports of REF are not described by KEM and require some exogenous assumption. For lack of sources on the matter, we assume that they follow potential growth (the growth of efficient labor supply) i.e. increase by 45.7% from 2013 to 2030 under Continuity, while they keep at 2013 levels in the face of strongly abated domestic demand under

Transformation.

Similarly to imports, exports of GAS and ELE are consistently equal to zero in statistics or KEM outlooks (see [START_REF] Matar | The Prospects for Coal-fired Power Generation in Saudi Arabia[END_REF]. Regarding GAS, although the Kingdom is a major gas producer, all the production is directed to the domestic market. Regarding ELE, plans for regional market integration start to take effect but the traded volumes should remain negligible. We therefore keep both exports at zero across years and scenarios. 

Annex D SENSITIVITY OF TRANSFORMATION TO STRUCTURAL CHANGE DRIVERS

We test sensitivity of the Transformation scenario to its three major structural change drivers: energy price reforms, non-energy export boosts and corporate tax take-off. 7 We exclude the Continuity scenario from the sensitivity analysis as this scenario corresponds to the business-as-usual case, which assumes an increase of 7 For the sake of concision, we refer to Soummane et al. (2019) for assessment of the influence of the global oil price on Saudi macroeconomic outlooks with a 2-sector 'KLEM' aggregation of IMACLIM-SAU. Finally, the high energy prices variant increases unemployment by reducing the purchasing power of households.

This points at the necessity to factor in the ability of households to cut down their energy consumptions in reaction to energy pricing reforms.