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1. Introduction 

 

he past 40 years have witnessed an ever-increasing level of concern about the 

detrimental impacts of climate change stemming from human activities. As 

average worldwide temperatures have risen, environmental activists as well as 

concerned scientists, economists, and well-known media figures have issued stark 

warnings about the social and economic costs of changing weather patterns, and 

they have called upon policymakers, consumers, and industry to all limit their use 

of fossil fuels. In doing this these advocates’ goal has been to drastically reduce 
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the level of carbon emissions produced globally, and to encourage both developed 

and developing countries and to adopt “cleaner” technologies. 

 Since fossil fuels are widely seen as fairly convenient sources of energy, any 

curbs on their usage will itself entail economic costs, and, it is feared, constrict the 

pace of economic growth in all sectors of a given nation’s economy. Consequently, 

economists and policymakers have found it useful to rely on large economy-wide 

Computable General Equilibrium (CGE) models to measure the costs of different 

carbon emission abatement strategies. Indeed, this type of analysis has been done 

for a number of countries in various stages of economic development. Typically, 

these models quantify a policy’s impacts by explicitly accounting for the linkages 

between the fossil fuel sectors and the various other sectors of that country’s 

economy. The increased costs entailed by higher price energy alternatives are 

measured by consumer indices (e.g., Equivalent Variation), and, depending on the 

policy, these costs can at times be significant. Frequently, simulations are 

conducted to study the ameliorating effect that technological change in renewable 

energy generation has on compliance cost. Such technological change, however, 

is most frequently modeled exogenously in an ad-hoc manner and relies on 

conjectures and assumptions outside the basic framework of the CGE model itself. 

 While existing CGE models of developing countries (including Mexico) yield 

similar results to those of G7 countries, there are several factors which could, in fact, 

bias their predictions, and lead these models to overestimate the losses caused by 

fossil fuel restrictions. First, as authors such as Posner1 and Vernon2 have forcefully 

argued, developing countries often adopt technological innovations first pioneered 

in developed countries. This, in turn, allows them to take advantage of technological 

advances without themselves having to contend with high front-end costs and risky 

R&D investments. Second, due to their bloated bureaucracies and aging 

infrastructure, the services provided by public utilities in many developing countries 

are frequently unreliable and highly inefficient. Thus, we see, for instance, that the 

introduction of cellular technology from advanced economies allowed many 

developing countries to, in effect, “leapfrog” the task of upgrading their antiquated 

land line systems, and to do so in a rapid and very cost-effective manner. 

 In the present analysis then, we modify the typical CGE modeling structure in 

such a way as to account for the diffusion of new renewable energy technology in 

a developing country and examine the degree to which this modification alters the 

estimated welfare changes resulting from more stringent carbon emission 

restrictions. More specifically, using a large CGE model which we have 

constructed for Mexico, we adjust the energy sector so as to explicitly incorporate 

increasing returns to scale and thereby allow for endogenous technological change 

in a manner consistent with the introduction of renewable energy technology. In 

doing this we build on earlier theoretical analyses by Romer3,4 and Barro and Sala-

i-Martin.5 Our empirical results are then examined to see how easily they can be 

generalized and applied to other, similar developing economies. 
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 After first reviewing the economic literature on the use of renewable energy in 

Mexico in Section 2, when then turn, in Section 3, to the presentation of our CGE 

model of Mexico. There, special emphasis is placed on the modifications made 

which allow us to model increasing returns and endogenous change in the 

production of renewable energy. In Section 4 we present the results of our model’s 

simulations as well as a sensitivity analysis to check the robustness of our findings. 

Finally, in Section 5 we conclude and discuss the wider policy implications of our 

model’s findings.  

 

2. Reform in Mexico’s Energy Sector 

 

 Due to inadequate investment and a lack of competition, Mexico’s (primarily 

state-owned) fossil fuel and electricity sectors have, over the past two to three 

decades, become increasingly inefficient and outdated.6 Following a strong push 

in Mexico to reform these sectors, and, after a long and controversial public 

debate, major energy reforms were finally enacted in the latter part of 2013.7 

Recognizing the need to both revitalize its stagnating energy sector and to boost 

aggregate economic growth, the Mexican government was obliged to make 

significant modifications to its existing Constitution. In doing this their aim was 

to promote competition and attract both domestic and foreign capital into 

Mexico’s energy sector. 

 Mexico’s state-run electric power utility, Comisión Federal de Electricidad 

(CFE) has been plagued by a host of inefficiencies including severe transmission 

losses, poorly directed subsidies, a lack of adequate investment in new 

transmission lines and dilapidated distribution systems. This has led to high 

consumer prices and a loss in Mexico’s competitiveness vis-à-vis its main trading 

partner, the United States.8 An important goal of the 2013 reforms was to leverage 

lower power costs into higher domestic growth. Such savings in power output 

costs, it was argued, would largely be the result of increased efficiency in the 

extraction of Mexico’s large reserves of natural gas. The transmission and 

distribution of both electricity and natural gas would be kept under the control of 

CFE due to natural monopoly concerns, but pipelines could be built and operated 

by private investors (from both Mexico and abroad). Funding for renewable 

energy sources was also introduced into these reforms, but only as an afterthought, 

and primarily to placate political pressure from those directly affected by severe 

pollution as well as environmental activists. Auctions were to be held to award 

power generation project contracts with the winners subject to strict environmental 

standards. 

 Even though the auctions conducted by officials of Mexico’s oil and power 

sectors were successful (as shown by the vast amount of committed investment 

resources9), and the bid prices were competitive by global standards10 in 2018 the 

(newly installed) government of Andres Manuel López Obrador questioned the 
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wisdom of this ongoing energy reform. Charting a radically new direction, López 

Obrador proposed building a new refinery at Dos Bocas and advocated expanding 

the use of coal and fuel oil for power generation. Such actions have met resistance 

due to environmental concerns, and indeed increased activity initiated at existing 

refineries (in Salamanca and Tula) has already increased ambient effluent levels 

there. Additionally, it is feared that the use of high sulfur fuels from these refineries 

will lead to an uptick in air pollution in Mexico City and other large metropolitan 

areas11. Thus, far from being inconsequential, the actions of Mexico’s new 

government are likely to have significant implications for Mexico’s future energy 

use, its natural resource extraction, its environmental quality, and its commitments 

to international carbon emission reduction. 

 

 Changing the Energy Matrix for Power Generation: The energy mix in 

Mexico has traditionally relied heavily on fossil fuels, in general, and on 

petroleum, in particular. As of 2019 (the latest year where data were available) 

hydrocarbons provided 89% of Mexico’s total primary energy12 with most of that 

fuel coming from reserves located in Mexico itself (see Figure 1). 

 

Figure 1 
MEXICO: TOTAL ENERGY USE BY SOURCE  

(in kilotons of oil equivalent − KTOE) 

 Source: International Energy Agency (IEA), Mexico. Key Energy Statistics, 2020 (2020), also 

available at https://www.iea.org/countries/mexico. 
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 Interestingly, however, the relative shares of the various fuels used for power 

generation have changed markedly over time. Whereas in 1990 30% of all 

electricity came from fuel oil, by 2019 that number had declined to 10%. This was 

largely replaced by natural gas, whose share had climbed to 60%. Coal use 

remained fairly steady and hovered between 7% and 9% (over that same period of 

time), but the share of energy from renewable sources continues to remain small, 

in spite of the best efforts of past governments to encourage the use of wind and 

solar. As of 2019, the share of energy produced by wind and solar sources only 

stood at 5% and 7%, respectively. This, combined with the fact that hydropower’s 

share shrank from 20% to 7% meant that Mexico has even become even more 

reliant on fossil fuels over the past 30 years.13 

 

Figure 2 
MEXICO: POWER GENERATION BY SOURCE 

(in gigawatt-hours –GWh) 

 

 Source: International Energy Agency (IEA), Mexico. Key Energy Statistics, 2021 (2021), also 

available at https://www.iea.org/countries/mexico. 
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reforms in the electric power industry, but these actions were vigorously 

challenged in the courts. López Obrador’s ruling Morena party, and its allies have 

introduced a number of bills in the legislature designed to modify the 2013 

reforms, but the fate of this legislation has yet to be resolved. The upshot of all 

this conflict, however, is to create a cloud of uncertainty and undermine the 

confidence of potential domestic and foreign investors in Mexican energy 

projects. 

 In spite of these obstacles there has been a sustained push from many quarters 

(both within and outside the country) to make investments in renewable energy in 

Mexico. Future policies in the energy sector could include Renewable Portfolio 

Standards either at a statewide or national level.14 Proposed regulations to limit 

the extraction of fossil fuels or future surcharges on the extraction of fossil fuels 

may also constrain emissions.15 

 With this as background we now turn to addressing the methodology that we 

use here to model such policies, (i.e., computable general equilibrium (CGE) 

models) and describe how such models have been applied in various settings to 

assess energy policy changes in developing countries such as Mexico. 

 

3. The Role of CGE Models in Addressing Renewable Energy Policy 

 

 As in most large developing countries there are a host of carbon abatement 

strategies available to policy makers in Mexico. These range from using taxes and 

subsidies to phase out fossil fuels (and promote the use of less polluting sources 

of energy) all the way to the introduction of marketable permits and quotas to 

explicitly discourage the use of fossil fuels. To determine the effects of these 

different policies, models that explicitly account for the linkages between a 

nation’s economic sectors are needed. Computable general equilibrium models, or 

CGEs, such as ours are well suited to these kinds of analyses.16 In the past, CGE 

models have frequently been used to analyze a variety of environmental and fiscal 

issues worldwide17 as well as in Mexico. 

 

 A Review of the Literature—General: A methodology frequently employed 

by analysts involves the use of Computable General Equilibrium (CGE) models. 

Indeed, these types of models have become an indispensable tool in assessing the 

economic and environmental impacts of alternative carbon abatement strategies.18 

The advantage of using CGEs as a tool of analysis is that the energy sector is 

strongly linked to the rest of the economy. Thus, CGE models can address both 

the direction and magnitude of spillover effects on all the other sectors of a given 

nation’s economy,19 or, if necessary, calculate the sectoral impacts from climate 

change mitigation for an entire region such as the European Union. To date, most 

of these CGE analyses have been static in nature and, thus, fixed at one point in 

time. They can, however, be modified to be dynamic making them capable of 
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investigating the impacts of various environmental policy initiatives as they 

unfold over time.20 

 The popularity of CGE analysis as a tool to investigate climate change related 

issues cannot be overstated. CGE models are now widely used to simulate the 

effects of alternative carbon abatement strategies at the national, regional, and 

global levels.21 To date, the largest number of such studies have looked at East 

Asia and the Pacific (36.4%), followed by Europe (31.8%) and North America 

(30.5%). The specific countries examined most frequently are China, Germany, 

Australia, India, and the United States. Perhaps, not surprisingly, these countries 

turn out to be the ones with the highest level of greenhouse gas emissions 

worldwide. Most of these studies focus on policies to mitigate emissions such as 

carbon taxes, emission reduction targets, emission trading, renewable energy, 

energy efficiency, and carbon capture and storage. Overall, their results show that 

the use of these policies and instruments leads to a cleaner and more efficient 

energy sector with lower GHG emissions, often with little negative 

macroeconomic impacts. The effect on the price of energy produced through 

renewable energy sources varies a bit however, with some countries facing 

significantly higher prices (e.g., Malaysia).22  

 Some of this literature looks at the macroeconomic effects of large-scale 

renewable energy deployment, as well as the overall costs of different 

technological options to attain such a transition.23 Generally, it is found that the 

macroeconomic impacts of expanding the use of renewable energy sources is very 

low. Across this vast literature, some studies look at particular aspects of 

renewable energy such as its impact on employment.24 They conclude that often 

such employment impacts are overestimated since more jobs are usually created 

during the construction phase of a given project (e.g., to build wind turbines or 

solar arrays) than during its operational phase. Another set of related papers is 

concerned with the financing of renewable energy projects. These include feed-in 

tariffs in Indonesia25 as well as carbon taxes in Malaysia.26 These studies find that 

such policy instruments increase the adoption of renewable energy sources and cut 

emissions without significant detrimental macroeconomic consequences.27 Still 

other studies deal with the impact of renewable energy sources on environmental 

quality.28 They find strong evidence that policies aimed at implementing 

renewable energy do, in fact, cut back on emissions and therefore have a positive 

impact on the environment, and that this effect is larger the more aggressive the 

policy. It is thus fair to say that CGE models have been used extensively to address 

policies in the energy sector including the impacts of increased use of renewable 

energy.  

 

 CGE Analysis of Mexico: In Mexico, CGE models have long been employed 

to examine a variety of energy-related issues. Initially, such studies were primarily 



8 THE  JOURNAL  OF  ENERGY  AND  DEVELOPMENT 

 

designed to estimate the effects of climate on the Mexican economy.29 The 

findings of these studies suggested that such change would be detrimental to 

economic growth, particularly in sectors dependent on temperature and 

precipitation such as agriculture, livestock, forestry, and tourism. As a 

consequence of this, they calculated that the lower income groups in Mexico 

would be hurt (relatively) more by these changes.30 Policies to mitigate GHG 

emissions, on the other hand, were found to increase growth in the long run and 

were shown to be quite progressive. In this vein, some studies using CGE models 

have focused on estimating economic double dividends from energy policy.31 

Double dividends, however, are difficult to attain if significant technological 

change does not simultaneously take place.32  

 Later CGE studies of Mexico deal with the 2013 energy market reforms,33 and 

these studies find that energy prices would increase due to the elimination of 

subsidies under the reform. This, in turn, would negatively impact economic 

welfare if consumers were not compensated for their losses. Other studies look at 

the impact of syphoning off energy subsidies to finance health related policies.34 

They find that the effect of such reforms is to speed up economic growth. 

Furthermore, this growth is progressive and benefits the lower income groups in 

Mexico relatively more than the higher income groups. Interestingly then, the 

elimination of energy subsidies may have different effects depending on the nature 

of the policies it is combined with. 

 Finally, CGE models have been used to analyze the effectiveness of energy 

policy to reach climate and other environmental related goals.35 These studies find 

that removing existing energy subsidies may provide up to 80% of the carbon 

reductions necessary for Mexico to comply with its international GHG reduction 

commitments, without even adding further climate change policies. In still another 

CGE study, H. Bravo Perez et al.36 evaluated the effectiveness of an environmental 

policy to replace fossil fuels with renewable energy through a carbon tax policy. 

They found that the effectiveness of such a policy to promote renewables depends 

on the extent to which a clean energy sector can substitute for fossil fuels. Thus, 

they argue that there is a need to develop a viable renewable energy sector in order 

to create a robust, flexible, and effective energy policy. 

 

 Endogenous Growth and the CGE Model: The CGE model which we use 

here is national in scope, and Mexico’s economic activity is disaggregated into 14 

production sectors, 15 production goods, 4 household (income) categories, 10 

consumption sectors, a foreign sector, and the government (see Table 1). The first 

column lists the production sectors and the second one the production goods 

produced by the sectors in the first column. The consumer goods are not 

necessarily related to those production goods. 

 The economic variables determined by the model are investment, production 

by each sector, household consumption by sector, input level, imports and exports, 
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relative prices, returns to primary factors, government budget expenditures and 

revenues, and the level of each consumers’ economic welfare.  

 It is assumed that most of the sectors in our model exhibit constant returns to 

scale. In the case of the energy consumption sector, however, the market has an 

imperfectly competitive structure composed of R highly substitutable input 

varieties. This stands in marked contrast to previous CGE treatments of this sector, 

and, as explained below, allows us to endogenously model growth and 

technological change in this critical industry.37 

 

Table 1 
CLASSIFICATION OF SECTORS AND GOODS 

 

Producing Sectors Production Goods 

Consumer Goods and 

Services 

Manufacturing Manufacturing Goods Food 

Renewable 

Manufacturing 
Renewable Energy Goods Energy 

Chemicals and Plastics Chemicals and Plastics Autos 

Agriculture Agricultural goods Gasoline 

Services Producer Services Consumer Transport 

Transportation Transportation for production Consumer Services 

Electricity Electricity 
Housing and Household 

goods 

Oil and Gas 
Crude Petroleum Consumer Goods 

Natural Gas Water 

Refining output Refined output Medical Services 

Livestock Livestock  

Forestry Wood and forest products  

Fisheries Fish and fishery products  

Coal Mining Coal  

Other Mining  Other mining Goods  

 

 Production: The production portion of the model is built upon information 

from a balanced data set and is constructed so as to be flexible with regards to the 

substitution between both the primary factor inputs (capital, labor, and land), and 

the material (semi-finished) inputs from other production sectors.39 The material 

inputs enter in a manner similar to that of an input-output model except that their 

substitutability can differ from zero. Technologies are represented by production 

functions which assume constant elasticities of substitution. More specifically, 

production in each sector is represented as a constant elasticity of substitution 

(CES) function of capital, labor, and material inputs where the elasticity of 

substitution can vary from zero to infinity.40 Hence, we have, equation (1): 

 

𝑉 = Φ[𝛿𝐿𝐿(𝜎−1)/𝜎 + 𝛿𝑘𝑘(𝜎−1)/𝜎 + 𝛿𝐻𝐻(𝜎−1)/𝜎]
𝜎/(𝜎−1)

 (1) 
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where V is the value of the output in the sector and σ is the elasticity of substitution 

between inputs. The elasticity of substitution measures the degree to 

substitutability between two factors of production and it varies between 0 (no 

substitutability) and infinity (complete substitutability). The parameter Φ is a 

scaling or efficiency parameter for the entire production function, L is labor, K is 

capital, H are materials, and the δ´s are the share parameters. These share 

parameters give the relative importance of a given input in the production of a 

given sector’s output and are defined so that: 

 

 𝛿𝐿,𝛿𝐾 𝛿𝐻  > 0 𝑎𝑛𝑑 𝛿𝐿 + 𝛿𝐾 + 𝛿𝐻 = 1  

 

 The materials input, H, does not represent a single factor input but rather a host 

of inputs from the various production sectors. Hence, in our model H is a 

composite input produced by a nested CES production function whose arguments 

are the actual inputs from the model’s production sectors. All of this is depicted in 

Figure 3. In the diagram the total output of a generic production good, V, is shown 

at the apex of the figure. The labor, capital, and composite materials inputs are 

placed at the second tier, and each of the individual materials inputs are placed at 

the third tier. Besides being more flexible, this setup has the distinct advantage of 

allowing the elasticity of substitution between materials inputs to differ from the 

elasticity of substitution between the primary inputs.41 

 

Figure 3 

STRUCTURE OF NESTED PRODUCTION FUNCTIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 It is important to note that the goods produced in the model’s production sectors 

are not the same final goods consumed by consumers. In the case of energy, for 

example, electricity (from both renewable and non-renewable sources) and fuels 

must be combined with transportation services, manufacturing, and retail utility 
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services before they can be consumed at the household level. Following C. Ballard 

et al.42 we then posit a 15 X 10 transformation matrix (which they denote as the Z 

matrix) to map the vector of production goods to the vector of consumption goods. 

This matrix assigns the output of each production good to the input of each 

consumption good in direct proportion to the share of total value added which they 

contribute to that good’s assembly. Thus, each element of this matrix may be 

written as Zij where i is an index of the M = 15 production goods and j is an index 

of the n = 10 consumption goods. The output of each consumption sector Xj, then, 

can be expressed as a function of its Zij inputs. For 9 of these 10 consumption 

sectors, we assume (as we did for all 15 production sectors) that there are constant 

returns to scale.  

 The energy consumption sector Xen, however, is modeled differently. In this 

sector we assume that a subset of the Zien inputs (which we label as Wien) are not 

homogeneous in nature but instead consist of a large finite number of slightly 

differentiated, imperfectly substitutable input varieties. As it turns out, the 

proliferation of these distinct but highly substitutable inputs allows for increasing 

returns to scale and technological change to occur in our model. To see how this 

occurs mathematically, following Dixit and Stiglitz,43 we write equation (2): 

 

𝑊𝑖𝐸𝑁 = ∑ 𝑤𝑘
𝛼𝑅

𝑘               𝑘 = 1, 2, 3 … 𝑅. (2) 

   

Where WiEN is a composite good made up of R varieties which are each denoted 

by a lower case wk and indexed by k.44 Technological progress here is manifested 

in the number of varieties of these inputs (i.e., R), and an increase in R can be 

thought of as a type of innovation just like the opening of a new industry. If we 

suppose that these R individual input varieties w can be expressed in a common 

physical unit, and that (as is the case in equilibrium) they are all used in the same 

quantity, then the total inputs to energy provided by each of these differentiated 

input categories is given by equation (3): 

 

𝑊𝑖𝐸𝑁 = 𝑅 ∗ 𝑤𝑘 .                                (3) 

 

 The manner in which this formulation leads to increasing returns to scale is 

most easily shown by examining the simple two input Cobb-Douglas case. In this 

case we express output X as a function of a single composite input W and a single 

homogeneous input Z or equation (4): 

 

𝑋 = 𝛽𝑊ϒ𝑍(1−ϒ)       𝑤ℎ𝑒𝑟𝑒 0 < ϒ < 1.  (4) 

  

 Using equation (3), this production function can then be equivalently expressed 
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as equation (5):  

𝑋 = 𝛽𝑅(𝑤𝑘)ϒ𝑍(1−ϒ)   (5)                     or  𝑋 = 𝛽(𝑅𝑤𝑘)ϒ𝑅(1−ϒ)𝑍(1−ϒ)  (5a) 

  

 As can be seen from equation (5), production here exhibits constant returns to 

scale in Z and R*wk, the aggregate quantity of the differentiated input. For any 

given level of Z and R*wk, however, the term R(1-ϒ) in expression (5a) indicates 

that the value of X increases with the total number of input varieties R. As noted 

by R. Barro and X. Sala-i-Martin, “This effect, which captures a form of 

technological progress, reflects the benefit from spreading a given total of 

intermediates [R*wk] over a wider range [R]. The benefit arises because of the 

diminishing returns to each of the [wk] individually.”45 

 

 Aggregate Consumption: In keeping with basic economic accounting, the 

income which individuals receive from their labor, along with the income from 

their capital receipts, is then either spent on consumption or invested through 

savings. Aggregate domestic consumers in this model are divided into four groups 

according to their level of income. Agent 1 consists of the lowest two deciles in 

terms of income. Agent 2 is made up of the next three deciles. Agent 3 consists of 

the following three deciles, and Agent 4 includes the top 2 deciles (see Table 2). 

 

Table 2 
HOUSEHOLD CATEGORIES BASED ON INCOME 

 

 Consumers modify their choice of work, leisure, and consumption as result of 

the implementation of a given policy. Nonetheless, in this model they cannot 

migrate from one income group to another. Consumer utility is modeled according 

to nested CES functions for all consumption goods, where consumers are 

maximizing their utility subject to a budget constraint. Each agent a then selects 

their level of consumption as well as their amount of work, leisure, and savings to 

maximize equation (6): 

𝑈𝑎 =  𝑈𝑎(𝑋𝑐𝑎, 𝐿𝐼𝑎) , 

𝑠. 𝑡 

𝑇𝐺𝑎 + 𝑇𝐹𝑎 + (𝑃𝑎 ∗ 𝐿𝑎) + (𝑟 ∗ 𝐾 ∗ 𝑆𝑎) =  (𝐼𝑁𝑉 ∗ 𝑆𝑎) + (𝑷𝑎𝑥 ∗ 𝑿𝑎𝑐) + (𝑃𝐿 ∗

𝐿𝐼𝑎 )  (6) 

Category Income 

Agent 1 Bottom 2 deciles: 1-2 

Agent 2 Deciles 3-5 

Agent 3 Deciles 6-8 

Agent 4 Top 2 deciles: 9-10 
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where Ua is the level of that household’s utility, Xca is a vector representing the 

amount of all goods consumed by each agent, LIa is their leisure, TGa and TGa 

denote the level of government and foreign transfers that they receive, 𝑟 is the rent 

from capital, 𝐾 is capital, 𝑆𝑎 is the share of capital for each household, 𝐼𝑁𝑉 is total 

investment, and 𝑃𝑎𝑥 is a vector of prices corresponding to the remainder of the 

final goods and services consumed. 

 

 Government: The government sector in our model is treated as a separate 

independent agent.46 The government agent is modeled with an expenditure 

function similar to the household expenditure functions, based on a CES utility 

function. Revenues derived from all taxes and tariffs are spent according to this 

expenditure function. Within the expenditure function the government spends its 

revenues on goods and services from the various private production sectors 

discussed above. This structure assumes that the government faces a budget 

constraint and, hence, responds to price changes much as any utility maximizing 

agent would do. The government also spends its revenues on labor. Together these 

arguments represent the government purchases and payment of government 

employees necessary for it to carry on its work. The government also separately 

redistributes income through exogenously set subsidies and transfer payments, 

and all revenues are spent.47 In connection with this last point, it should be pointed 

out, however, that the government sector does not save and there is a zero surplus 

in the government account. Hence, the government does not own capital, and the 

capital needed for government-provided goods such as education is rented from 

the private sector. 

 Taxes in the model are expressed ad valorem and include personal income 

taxes, labor taxes, capital taxes, property taxes, revenue taxes (such as payments 

from oil and gas activities), value added taxes, sales taxes, import tariffs and 

export taxes. As stated above, in the initial calibration of this model, taxes are 

calculated in such a way as to exactly reproduce the amount of revenue generated 

in Mexico in 2016. The taxes on final goods such as gasoline differ from those on 

other consumer goods because of special taxes levied on them by the government. 

By the same token final goods such as electricity differ in treatment due to the 

existing government subsidies which they receive. When applicable, taxation is 

based on marginal tax rates, and to capture the incentive effect of the tax system, 

the highest marginal rate is levied on the relevant revenue base. Since this 

procedure results in over-taxation, the difference between the revenue generated 

by the highest marginal tax rate and the average tax rate is rebated to consumers 

as a lump-sum transfer. 

 Subsidies in the model are essentially treated as negative taxes and in these 

cases the government transfers funds back to a sector in proportion to that sector’s 

output. Thus, if these subsidies are abolished, the government will have more 
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revenue. To keep aggregate revenues equal to aggregate expenditures, the 

government will increase spending on all items in proportion to existing 

government expenditures on the different goods and services. This assumption 

may be relaxed later if desired. 

 

 Trade: International trade within the model is handled by means of a foreign 

agent. Output in each of the producing sectors is exported to the foreign agent in 

exchange for foreign-produced imports. Under this setup the aggregate level of 

imports is set, but the level of individual imports may change in response to 

changes in relative prices. Exports are constant as well. They are, however, 

responsive to changing prices, and can change in response to shocks in individual 

sectors. Transfer payments, on the other hand, are endogenous and act to clear the 

balance of payments in the model. Price-dependent import supply schedules are 

derived from elasticity estimates found in the literature.48 

 In specifying the substitutability between foreign and domestically produced 

goods we replace the classic Heckscher-Ohlin assumptions and rely instead on the 

Armington49 assumptions. Under these assumptions, imports and domestically 

produced goods are imperfectly substitutable goods (as opposed to Heckscher-

Ohlin where foreign and domestically produced goods are considered perfect 

substitutes). Armington postulates that domestic and foreign goods are both inputs 

in a CES production process, the output of which is a combination of the two. It 

is this combined good that is consumed domestically. The benefit of such a setup 

is that a country can both import and export goods from the same industrial sector. 

Furthermore, under these assumptions domestic prices can differ from world price 

levels, but the more closely substitutable the foreign and domestic goods, the 

closer the two prices are to each other. Under the Heckscher-Ohlin assumptions, 

by contrast, all goods are prefect substitutes and foreign and domestic prices must 

be equal. 

 The balance of trade relationship is given by equation (7): 

 

𝑃𝑚 ∗ 𝐼𝑀 =  𝑃𝑒𝑥 ∗ 𝐸𝑋 + 𝑇𝐹 (7) 

 

where IM is a vector representing the quantity of each of the producer goods 

imported, Pm, is the vector of imported goods prices, EX is the vector of all 

producer goods exported, Pex is the tariff inclusive vector of producer goods prices, 

and TF is the level of foreign transfers which can be positive, zero, or negative. 

Because of the Armington assumptions, as stated above, the import prices are not 

required to equal their domestic counterparts. The prices of exports are identical 

to their domestic price (adjusting, of course, for any export taxes). The value of 

total imports is equal to the total value of exports plus foreign transfers. Since 

these transfers are used to finance domestic investment this relation provides the 
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closure rule, namely, that investment is equated to domestic savings minus net 

exports. This, of course, includes balanced trade as a special case.50 

 

 Scenarios: The 2020 Energy Transition Strategy, published by the Mexican 

Government, mandates clean annual energy generation targets (Figure 4). These 

targets are aligned with previous commitments to increase the share of renewables 

(and other clean technologies) in the electricity matrix. According to these 

estimates, by 2024 Mexico should be generating 35% of its electricity using clean 

technologies, (i.e., that is renewables plus nuclear and efficient cogeneration). 

That target increases to 40% by 2035 and to 50% by 2050. As shown in the graph, 

however, Mexico has not been able to achieve the targets in previous years, and if 

it is going to achieve compliance new “tougher” policies would need to be enacted. 

 

Figure 4 
TARGETS AND SHARE OF RENEWABLES AND CLEAN ENERGY IN MEXICO 

Sources: Compiled by authors based upon the following: Secretaría de Energía (SENER), Reporte 

de Avance de Energías Limpias (México, 2016); Secretaría de Energía (SENER), Reporte de Avance 

de Energías Limpias (México, 2017); Secretaría de Energía (SENER), Estrategia de Transición para 

Promover el Uso de Tecnologías y Combustibles más Limpios (México, 2020); and Secretaría de 

Energía (SENER), PRODESEN 2020-2034 (México, 2021). 
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purposes of presentational clarity, the results of the alternative cases are listed as 

percentage changes from our original Business as Usual case. Each of these three 

policies, in turn, relies on two basic types of economic instruments. First, a carbon 

tax is implemented to disincentivize the use of fossil fuels in all relevant 

production and consumption sectors. Then, the resources generated by this policy 

are used by the government to foster power generation based on renewables.  

 The introduction of renewable technologies brings about two types of benefits. 

First, large scale projects contribute to the share of clean energy in the matrix, 

lowering GHG gases and helping to curb worldwide climate change. In Mexico, 

recent evidence suggests that wind and solar technologies have become more 

affordable and competitive in recent years. This experience is very much in line 

with development in other countries and is borne out by various analyses 

conducted by IEA, BP, and IPCC, among others (for a comprehensive analysis, 

see RFF.)51 (Energy from nuclear and biomass also rise under these scenarios.) 

 The second type of benefit comes from small scale renewable technology 

projects. These projects help to significantly ease congestion on the transmission 

grid. The expansion and modernization of the Mexico’s transmission network 

remains one of today’s chief electricity policy challenges. Presently, in order to 

guarantee energy supply to households, businesses, and society in general, 

infrastructure projects must develop. However, new and more diverse 

technologies that expand the capacities for small scale projects also lower the 

pressure to expand the network, generating alternative solutions to satisfy energy 

needs locally. 

 In each of our three model simulations we assume that the Mexican government 

stimulates renewable energy production by means of a subsidy while 

simultaneously discouraging fossil fuel use via a carbon tax. More specifically, in 

each of our three simulations we subsidize the manufacturing, services, and 

transport inputs) to the renewable energy sector (by 40%, 20%, and 10%, 

respectively). This expense is then offset by a tax on coal, petroleum, and natural 

gas according to their carbon content so as to make the overall policy revenue 

neutral.52 We first run the model without any counterfactual taxes or subsidies to 

confirm that it can accurately replicate the production and consumption figures in 

the 2016 “benchmark” year from which our data come. We then impose those 

taxes and subsidies to measure the changes they cause in production, consumption, 

imports and exports, prices, and welfare levels in all of the sectors of our model. 

This same procedure is followed in all three of our simulations.  

 In our first model simulation (Scenario 1) we modify the features of the 

economy so that new and diverse technologies used in electricity convey 

increasing returns to scale consistent with endogenous technological change as 

discussed in our modeling section above. We then examine the case where this 

policy is employed under the assumption of 20% inefficiency in the production of 

energy.  
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 The costs of renewable energy have fallen sharply during the last decade and 

continue to fall. IRENA estimates that these costs dropped by between 30% to 

80% during the period from 2010 until 2019, making these technologies not only 

available without financial support, but also more efficient options than fossil fuels 

generation. According to the U.S. Energy Information Administration,53 levelized 

costs of electricity generated with wind and solar technologies are between 9% 

and 16% lower, respectively, than the most efficient fossil fuel technology 

(combined cycle). This gap in costs is probably an understatement of the Mexican 

situation since such comparisons consider new and, hence, more efficient plants. 

In Mexico, renewable energy would (by definition) be coming from new efficient 

sources. The power it would be replacing, however, would come from old 

inefficient fossil fuel plants. Indeed, I. Alpizar-Castro and C. Rodriguez-Monroy54 

explain that, due to aging infrastructure and bureaucratic inefficiency, Mexican 

electricity costs are currently about 25% higher than their U.S. counterparts. 

 The model is calibrated using the substitution and consumer demand elasticities 

listed in the appendix. Each of our three simulations are run several times using 

different energy demand elasticities as a sensitivity check. As with the initial run, 

in our sensitivity runs all taxes and subsidies are adjusted so as to make this policy 

mix revenue neutral for the government agent.  

 In our second simulation (Scenario 2) we again assume increasing returns to 

scale in energy production and subsidize the manufacturing, transportation, and 

service inputs to the energy sector in a manner similar to that employed in Scenario 

1. Furthermore, as before, we levy a carbon tax on the production of fossil fuels 

so as to make the policy revenue neutral. Now, however, we assume that the 

inefficiency of the energy sector to be 30% rather than 20%, thereby increasing 

the potential gains due to the presence of technological change. 

 In our third and final scenario (Scenario 3) we drop our assumption of 

increasing returns to scale and assume that production in the energy sector exhibit 

constant returns to scale in a manner identical to each of our other consumption 

and production sectors. Under this assumption, the existing inefficiencies in the 

energy sector persist and there is no cost saving endogenous technological change 

from the adoption of new renewable energy sources. As with the two previous 

scenarios, we subsidize the manufacturing, transport, and service inputs to the 

energy consumption sector and counterbalance this with a carbon tax on fossil 

fuels. 

 

4. Results: Overview 

 

 As stated at the outset, the justification for tax/subsidy schemes designed to 

encourage renewable energy at the expense of fossil fuels is based on their 

externality gains. Standard CGE analyses, however, show that, absent these gains, 

such policies lead to welfare losses using classic measures such as Equivalent 
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Variation (EV). As we have noted though, these CGE analyses (for both 

developing and developed countries) generally rely on the assumption of constant 

returns to scale (CRS) in the production of all goods and services in a given 

economy. The purpose of the present study then is to see if the presence of existing 

energy inefficiencies (as in Mexico) and the assumption of increasing returns to 

scale (IRS), as outlined above, can combine so as to avoid the EV losses associated 

with various fiscal policies designed to cut carbon emissions.  

 The effects of the carbon tax become evident when we examine the changes in 

the production sectors (Figure 5). There, in line with our expectations, the largest 

decline occurs in coal production, followed by those related to petroleum, natural 

gas and refined goods. Services and manufacturing (in general) see little change, 

but the manufacturing of those items used in the production of renewable energy 

goes up. Interestingly, our model results show the production of electricity going 

down. It must be remembered, however, that this number reflects the amount of 

electricity produced using fossil fuels and not that produced from renewable 

sources. 

Figure 5 
PRODUCTION OF SELECTED GOODS a  

(% change with regards to benchmark) 

 
 a MINC = coal mining; REF = refining; ELEC = electricity; MANR = manufacturing for 

renewables; IRST 20% INEFF = 20% inefficiency and scale economies; IRST 30% INEFF = 30% 

inefficiency and scale economies; and CRTS NO INEFF = no inefficiency and no scale economies. 
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production with respect to the benchmark case. The difference between energy 

production, however, is quite small suggesting that our results are not all that 

sensitive to changes in our assumptions about this efficiency parameter. Indeed, 

the output of most of the model’s production and consumption sectors are identical 

to what they were in the previous scenario.  

 Upon examination of scenario 3 we see that, qualitatively, the impacts of this 

policy on the model’s production and consumption sectors are similar to the two 

cases where we assumed increasing returns. Quantitatively, however, things 

change noticeably from Scenarios 1 and 2.   

 Turning to our model’s consumption sectors, we see that, as expected, the 

largest gains occur in the energy sector where increasing returns to scale occur due 

to the infusion of renewable technologies (Figure 6). Indeed, due to the presence 

of increasing returns to scale, the additional output in this sector outstrips the 

additional input resources used in its production. Consumption in most other 

sectors including services and consumer goods remains fairly stable. The sector 

here that experiences by far the largest decline is the consumption of gasoline (and 

other transportation fuels). This is largely due to the increase in fossil fuel prices 

brought about by the carbon tax.  

 

Figure 6 
CONSUMPTION OF SELECTED GOODS a  

(% change with regards to benchmark) 

 a EN = energy; GAS = gasoline; IRST 20% INEFF = 20% inefficiency and scale economies; 

IRST 30% INEFF = 30% inefficiency and scale economies; and CRTS NO INEFF = no inefficiency 

and no scale economies. 
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 Although not directly impacted by this policy, the factor market and foreign 

sectors are indirectly affected due to their CGE linkages to our model’s energy and 

fossil fuel sectors. Thus, we see that, given the capital intensity of the fossil fuel 

sectors, a carbon tax has the effect of increasing the cost of capital relative to that 

of land and labor (Figure 7). Furthermore, the higher domestic price of carbon-

based energy leads to a rise in the imports of refined petroleum, coal, and natural 

gas.55  

 

Figure 7 
PRICE OF INPUTS a  

(% change with regards to benchmark) 

 a TRAB = labor; CAP = capital; LAND = land; IRST 20% INEFF = 20% inefficiency and scale 

economies; IRST 30% INEFF = 30% inefficiency and scale economies; and CRTS NO INEFF = no 

inefficiency and no scale economies. 

 

 The incidence of this tax/subsidy case in scenario 3 remains the same with the 

price of capital rising relative to that of labor and land, but there is an important 

change in consumer welfare (Figure 8). Scenarios 1 and 2 show a slight uptick in 

overall consumer welfare reflecting the benefits that accrue to consumers from 

higher relative efficiency gains in the energy sector. In contrast to the initial two 

simulations, in the third scenario there is a slight decrease in the welfare of all four 

of our consuming agents. 

 The changes which we observe in consumer welfare can be directly attributed 

to the subsidies and the changes discussed above in our model’s structure. As the 

proliferation of new inputs leads to technological change in the energy sector, the 
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efficiency of that sector increases as its output expands. Thus, rather than seeing a 

welfare loss we see a slight rise in the overall level of consumer welfare, except 

in Scenario 3, where no endogenous growth is happening. Furthermore, since 

energy expenditures account for a higher proportion of the total budget of lower 

income groups, we find that the impact of this policy is slightly progressive we 

the highest percentage gains accruing to agent 1. 

 

Figure 8 
WELFARE BENEFIT OF DIFFERENT INCOME GROUPS a  

(% change with regards to benchmark) 

 a AGT1 = agent 1; AGT2 = agent 2; AGT3 = agent 3; AGT4 = agent 4; IRST 20% INEFF = 20% 

inefficiency and scale economies; IRST 30% INEFF = 30% inefficiency and scale economies; and 

CRTS NO INEFF = no inefficiency and no scale economies. 

 

 

5. Conclusion and Policy Implications 

 

 As stated at the outset, while CGE analyses have often confirmed the 

effectiveness of initiatives like carbon taxes in achieving CO2 reductions (in a 

given country), they have almost always indicated that those reductions would be 

somewhat costly in terms of traditional measures of economic welfare. Such 

results, however, are predicated on the assumption that, at least initially, renewable 
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commonly, though, this change is imposed on the renewable energy sector from 

outside the model in a fairly arbitrary and ad-hoc manner. 

 In our analysis here we have developed a CGE model of Mexico which allows 

for the existence of increasing returns in the production of renewable energy. 

Furthermore, by modeling sectoral growth in that sector via a proliferation of 

goods, we have been able to introduce technological change both endogenously 

and in a fashion that mimics the way that innovation has historically been 

transferred to developing nations’ economies. Our results indicate that under such 

assumptions a policy that taxes carbon while, at the same time, subsidizing 

renewable energy can reduce carbon emissions without a loss in economic 

welfare. Furthermore, these results seem to be robust over a wide range of 

parameter values. 

 Although the results of our simulations are straightforward some caution should 

be taken when considering them as a basis for public policy. First of all, the overall 

changes in welfare remain somewhat small. The externality gains from this policy, 

however, are potentially quite large, and it is these gains that would constitute the 

primary justification of enacting such a tax/subsidy scheme in in a country like 

Mexico. Indeed, the environmental gains from this type of policy would occur 

both in the short run (due to decreases in the emissions of particulates, S02, NOX, 

etc.), and in the long run (due to the decrease in greenhouse gas emissions). 

Second, the potential exists for fossil fuel imports and exports to act in such a way 

as to dampen the effectiveness of this policy. Finally, as with any tax/subsidy plan, 

its efficiency in practice depends on the reliability of the governmental agencies 

actually collecting and dispersing the funds. 

 

 

 

APPENDIX 

Modeling Sources 

 Our model is built upon previous work on general equilibrium from Ballard, 

Fullerton, Shoven, and Whalley,56 Shoven and Whalley,57 Rutherford’s work on 

nonlinear complementarity problems and MPSGE58 integrated into GAMS, and 

Armington’s59 assumptions on imperfect substitutability between imports and 

domestically produced goods. We built our database from various information 

sources. Our social accounting matrix (SAM) relies heavily on the latest Input-

Output Matrix.60 We also use information from various Economic Census, the 

Mexican Household Expenditure Survey and fiscal data generated by the Ministry 

of Finance and the Central Bank. 

 In addition to the sources cited above, we looked at additional data from the 

International Financial Statistics, published by the International Monetary Fund 

(IMF), The Mexican Economy, published by Banco de México, and the Anuario 

Estadístico de los Estados Unidos Mexicanos. We also gathered information 
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published by the World Bank. Fossil fuel consumption, fuel prices, fuel imports 

and exports and consumption of various fuels were provided by the Ministry of 

Energy (SENER), PEMEX, and INEGI. Employment data and other information 

used for specific simulations were taken from the Mexican Survey on 

Employment (ENOE) and IMSS database. 

 The elasticity of substitution between capital and labor for production sectors 

is an important parameter in determining the distributional impacts of a policy. 

When feasible, we adopted elasticities estimates from literature specific to Mexico 

(Appendix Table 1). Other times, we made educated approaches according to the 

existing literature.  

Table 1 
ELASTICITIES OF SUBSTITUTION BETWEEN LABOR AND CAPITAL a 

 

Sector Elasticity of substitution Source 

Agriculture 0.96 Hueter, 1997 

Livestock 0.96 Hueter, 1997 

Forestry 0.96 Hueter, 1997 

Fisheries 0.96 Hueter, 1997 

Mining a 0.8 Balistreri et al, 2003. 

Electricity 0.45 Fragiadakis, 2012 

Chemicals 0.8 Claro, 2003 

Refining 1.08 Claro, 2003 

Transport a 1.0 Balistreri et al, 2003. 

Services a 1.0 Balistreri et al, 2003. 

Manufacturing 1.0 Skuta, 1997 

  

 a According to Balistreri et al.’s analysis61 the Cobb Douglas specification is a valid starting point 

in parameterizing models and working on simulations and sensitivity analysis. In his work analyzing 

28 industries with a vast dataset from the Bureau of Economic Analysis, they supported a Cobb 

Douglas specification for 20 of them. 
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