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1. Introduction 

 

 Models used to analyze the interdependence of energy, economic, and environmental systems, as 

well as the impact of technology and policy on these systems, can roughly be divided into two categories: 

top-down models and bottom-up models (van der Zwaan, 2002). Top-down models are built to capture 

macroeconomic interactions, market forces, and feedbacks across multiple industries. They contain a high 

degree of aggregation and typically sacrifice technological detail. Bottom-up models use engineering data 

to accurately represent a wide array of technologies in rich detail (McFarland et al., 2002). Energy 

demand, prices, and technological progress are usually specified exogenously and the problem is typically 

to identify the least-cost set of energy technologies to meet demand while satisfying any imposed policy 

constraints such as a limit on greenhouse gas emissions (McFarland et al., 2002).  

 Of the available classes of top-down models, those that most thoroughly capture economy-wide 

interactions and feedbacks are computable general equilibrium (CGE) models (McFarland and Herzog, 

2006). These models determine prices endogenously so as to equilibrate supply and demand in all 

represented markets. This is in contrast to partial equilibrium models that equilibrate supply and demand 

only in particular sectors, such as energy. The MIT Emissions Prediction and Policy Analysis (EPPA) 

model is a popular CGE energy-economic model. 

 This article is organized as follows. Section 2 summarizes the key features of the EPPA model. 

Section 3 describes the need to incorporate emerging technologies into energy-economic models and the 

challenges associated with this task. The literature on international technology spillovers is reviewed in 

Section 4. The incorporation of international technology spillovers into EPPA to create the EPPA-ITS 

model is presented in Section 5. Section 6 contains an analysis of the effects of incorporating international 

technology spillovers on advanced technology adoption, carbon emissions, and the global economy. 

Section 7 presents an analysis in which the EPPA-ITS model is used to examine the effects of varying 

assumptions about the geographical distribution of technological innovation.  The article concludes in 

Section 8 with a summary of key findings and suggestions for future research. 

 

2. The MIT EPPA Model 

 

 “The MIT Emissions Prediction and Policy Analysis (EPPA) model is a recursive-dynamic, 

multi-regional, general equilibrium model of the world economy” (Paltsev et al., 2005). This study 

utilizes EPPA 4.1, the most recent public release version. EPPA can be used by itself to evaluate the 

effects of environmental policies on the energy sector and the economy, or can be used as part of the 

larger Integrated Global Systems Model (IGSM) to include linkages with a coupled atmosphere, ocean, 

and land earth systems model (Paltsev et al., 2005). EPPA obtains its economic base year data from the 

GTAP 5 data set (Dimaranan and McDougall, 2002) and proceeds to simulate the economy in five-year 

increments up through the time horizon of 2100. It is written in the General Algebraic Modeling System 

(GAMS) format and is solved in each period as a mixed complementarity problem using the 

Mathematical Programming System for General Equilibrium analysis (MPSGE) solver (Rutherford, 

1999). The subsections that follow are intended to familiarize the reader with the basic framework of 

EPPA. For a more thorough description of the model, see Paltsev et al. (2005).   

 

2.1. Production 

 

 Production sectors are represented by nested constant elasticity of substitution (CES) production 

functions (Paltsev et al., 2005). All input and output quantities are denoted in monetary value. The CES 

form enables considerable flexibility in the extent to which inputs can be substituted for one another to 

produce output, which is controlled through the specification of elasticities of substitution at each level of 

the nest. The production structure is nested in the sense that inputs to a higher-level production function 

may themselves be products of lower-level production functions that combine more fundamental inputs. 
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For example, consider the electricity sector, which is depicted in Figure 1. At the highest level, total 

domestic output is formed from a combination of two inputs: a base load source bundle (Domestic Output 

for Perfect Substitutes) and an intermittent source bundle (Wind & Solar). The two bundles are not 

perfect substitutes for one another because, as intermittent electricity sources, solar and wind capacity 

cannot totally displace conventional base load capacity. The base load sources themselves (conventional 

fossil, nuclear, hydro, and advanced generation technologies) are perfect substitutes for one another since 

the electricity that they cumulatively produce can be considered a single indistinguishable, consistent 

good. 

 

 
Figure 1. Nested CES production structure of the electricity sector (Paltsev et al., 2005). 

 

2.2. Consumption 

 

 Consumer utility in the household sector is determined via a nested CES utility structure that is 

analogous to the nested CES production structure described in Section 2.1 (Paltsev et al., 2005). The 

nested CES utility structure is depicted in Figure 2. At the highest level, consumer utility is derived from 

two inputs: total consumption and savings (thus endogenizing the consumption-investment decision). 

Total consumption is itself produced from a combination of transport consumption and other 

consumption. Other consumption can similarly be broken down into energy and non-energy consumption 

inputs, energy consumption can be broken down into the more fundamental refined oil, gas, coal, and 

electricity inputs, and so on down the nest. 

 

 
Figure 2. Nested CES utility structure of the household sector (Paltsev et al., 2005). 
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2.3. Equilibrium 

 

 Equilibrium in EPPA is established when three conditions are satisfied: the zero profit condition, 

the market clearance condition, and income balance conditions (Paltsev et al., 2005). The zero profit 

condition demands that in every sector of the economy, if a positive amount of a good is produced, then 

profit in that sector must be zero. The market clearance condition states that any good with a positive 

price must feature an exact balance between supply and demand, and that any good for which supply 

exceeds demand must have a zero price.The income balance condition requires that for all economic 

agents in the model, the value of income equals the value of factor endowments (plus tax revenue in the 

case of governments). 

 In EPPA, a representative firm constitutes each production sector in each region. This firm 

chooses a level of output, quantities of primary factors, and quantities of intermediate inputs to maximize 

profits subject to its production technology. All production is via CES technologies that feature constant 

returns to scale. Under these conditions the firm optimizes by bringing unit cost and price into balance. In 

each region, a representative household is endowed with all the fundamental factors of production, which 

it sells or rents to firms. Subject to a budget constraint established by the value of the initial factor 

endowment, the household chooses consumption and saving to maximize utility. The system of 

production and consumption is closed using market clearance conditions that determine prices in the 

goods and factor markets. Figure 3 depicts the flows between producer and consumer sectors, and among 

regions. 

 

 
Figure 3. Flows between producer and consumer sectors, and among regions (Paltsev et al., 2005). 

 

2.4. Regions and Trade 

 

 EPPA aggregates the nations of the world into the 16 regions that are listed in Table 1 (Paltsev et 

al., 2005). The regions can be divided into the Organization for Economic Cooperation and Development 

(OECD) regions and non-OECD regions. 

 EPPA models trade flows among regions for all goods. The model employs the Armington 

convention whereby domestic and imported units of a good are treated as different commodities that are 

combined to form a composite good according to an Armington elasticity. While domestic and imported 

units of certain goods like crude oil are considered perfect substitutes (i.e., a barrel of crude oil is 

considered identical no matter where it came from), domestic and imported units of other products like 

energy-intensive goods are treated as different commodities (i.e., machines, appliances, and automobiles 

have different properties when they are produced in different regions and thus are not perfectly 

interchangeable). 
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Table 1. Regions in the EPPA model and distinction between OECD and non-OECD regions. 

OECD Regions United States (USA) 

European Union (EUR) 

Japan (JPN) 

Australia and New Zealand (ANZ) 

Canada (CAN) 

Non-OECD Regions Eastern Europe (EET) 

Former Soviet Union (FSU) 

China (CHN) 

India (IND) 

Higher Income East Asia (ASI) 

Middle East (MES) 

Indonesia (IDZ) 

Mexico (MEX) 

Central and South America (LAM) 

Africa (AFR) 

Rest of World (ROW) 

 

2.5. Energy Technologies 

 

 For a top-down model, EPPA contains a fairly extensive and detailed set of energy sources and 

supply technologies. These technologies are depicted in Table 2 (Paltsev et al., 2005). The advanced 

technology options do not currently comprise a major portion of the energy mix but are expected to play 

an important role in the future energy system. 

 

Table 2. Energy supply technologies featured in EPPA, including a breakdown of the electricity sector. 

Advanced technologies are italicized. 

Energy Sector  

Electricity (Broken down in next column) Electricity Sector 

Conventional Crude Oil Coal 

Natural Gas Gas 

Coal Refined Oil 

Refined Oil Hydro 

Liquid Fuel from Biomass Nuclear 

Oil from Shale Natural Gas Combined Cycle (NGCC) 

Gas from Coal NGCC with Carbon Capture and Sequestration 

(NGCC-CCS) 

Integrated Coal Gasification Combined Cycle with 

Carbon Capture and Sequestration (IGCC-CCS) 

Wind and Solar 

Biomass 

Advanced Nuclear 

 

2.6. Technological Change 

 

 There are several sources of technological change in EPPA. First, exogenous improvements in the 

productivity of labor and land result in higher levels of output for given inputs of these factors 
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(McFarland et al., 2002). Second, an autonomous energy efficiency improvement (AEEI) factor reduces 

the amount of energy input required by production sectors over time, which leads to economic savings 

(McFarland et al., 2002). Third, within a given sector there will be price-induced input substitutions in 

which different fuels, capital, and labor are interchanged for one another as their relative prices change. In 

a bottom-up model with less aggregation these substitutions would be shifts from one technology to 

another (e.g. from conventional coal toward nuclear, or from refined oil toward electric vehicles) 

(McFarland et al., 2002). Lastly, the set of energy technologies available changes over time as advanced 

technologies become available in future periods. 

 

3. Incorporating Advanced Technologies 

 

3.1.  Importance  

 

 Although the inclusion of advanced energy technologies in energy-economic models presents a 

host of modeling challenges, any assessment of the future energy system that hopes to achieve a 

reasonable degree of realism and accuracy must allow for the possibility of emerging energy supply 

options. Advanced technologies are expected to play a significant role in helping the world reduce its 

environmental impact at an acceptable cost. Clarke et al. (2006b) find that the development of advanced 

energy technologies would reduce the total cost of achieving carbon stabilization over the next century by 

50%, resulting in global economic benefits in the hundreds of billions or even trillions of dollars. 

McFarland et al. (2004) declare that the adoption of carbon capture and storage (CCS) technologies in the 

electricity sector would reduce the cost of stabilizing carbon by several hundred dollars per ton of carbon. 

Although they admit that the technological hurdles facing advanced technology development are 

significant, Kyle et al. (2009) predict that end-use efficiency improvements in the next decade will have a 

tiny impact on the mid-century energy system compared to major advances in supply-side technologies 

expected to occur on a time scale of several decades. In short, a realistic energy-economic assessment of 

the next century must include the possible use of technologies such as fossil generation with CCS and 

advanced biofuels. 

 

3.2.  Modeling Challenges: Economics 

 

 Incorporating advanced technologies into a CGE model requires the translation of bottom-up 

engineering and cost data into the data format required by top-down macroeconomic models. McFarland 

and Herzog (2006) explain how this translation is carried out for CCS technologies in EPPA, but their 

methodology could be applied to add other advanced technologies to any CGE model. First, the input 

shares, in dollar terms, of capital, labor, and fuel that go into producing a unit of electricity are calculated 

and used as the share parameters in the CES production function. This calculation should take into 

account the inputs used in transmission and distribution, and carbon transport and storage, in addition to 

generation. Second, elasticities of substitution must be specified that accurately represent empirical 

observations of varying input bundles and corresponding output levels. For example, an automobile 

factory in China and an automobile factory in Japan may produce the same output value of vehicles but 

with vastly different mixes of inputs, enabling some insight on the extent to which inputs can be 

substituted for one another. In general, data limitations can make this a difficult task. Third, the model 

must properly represent the relative costs of technologies as assessed in engineering and cost studies 

(Jacoby et al., 2006). The cost differential between an advanced technology and the competing 

conventional technology helps determine the carbon price at which the advanced technology becomes 

cost-competitive and enters the market. For example, EPPA assumes that IGCC-CCS is 25% more 

expensive in the base year than conventional coal and that this gap in price will be exactly offset by a 

$100 per metric ton carbon (mtC) tax (McFarland et al., 2002). EPPA models this using a mark-up factor 
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of 1.25 that multiplies the production function share parameters; as a result, the share parameters sum to 

the mark-up factor rather than to one. 

 

3.3.  Modeling Challenges: Diffusion 

 

 Empirical observations provide evidence that new technologies tend to take over markets 

gradually as a consequence of adjustment costs associated with the transition from an existing technology 

to a new one (Geroski, 2000). Without constraints on diffusion, however, energy-economic models would 

allow new technologies to gain market share at an extremely fast pace once cheaper than competing 

alternatives. Models therefore need some mechanism to control the diffusion of new technologies, and 

several approaches exist. The simplest approaches rely on exogenous constraints such as a cap on the 

market share a technology can attain in each period or a maximum percentage growth in market share 

between two consecutive periods (McFarland et al., 2006). The drawback of exogenous adoption 

constraints is that they do not respond to changes in policy.  

 EPPA contains a unique mechanism for constraining advanced technology diffusion (Paltsev et 

al., 2005). The production functions for advanced technologies include a technology-specific fixed factor 

input referred to as RES (see Figure 4). It represents the regional stock of knowledge, expertise, and 

engineering capacity required to deploy an advanced technology. RES can be thought of as jointly 

representing the stock of scientists who understand the technology, engineering firms capable of 

constructing plants, the regulatory systems necessary to oversee production, and so forth. Initially this 

factor is in short supply but as production ramps up and the pilot plant phase gives way to large-scale 

commercialization, its availability increases (McFarland and Herzog, 2006).  

 

 
Figure 4. Nested CES production structure for an advanced technology. The RES input appears as the 

Fixed Factor (Paltsev et al., 2005). 

  

 This control mechanism does not impose hard constraints on the diffusion of emerging 

technologies. Rather, penetration is limited by the underlying economics. Rapid diffusion would drive up 

the cost of RES. Other inputs could be substituted for RES to the extent that the elasticity of substitution 

allows, but at a certain diffusion rate, further ramping up production would be prohibitively costly. One 

way to interpret this is that less knowledgeable or skilled scientists and engineering firms could be called 

upon to build additional plants, but as a result of their limited expertise, plant construction would require 

more inputs of labor and capital (McFarland and Herzog, 2006).  
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EPPA assumes that each region begins with a small initial endowment of RES and that its RES 

stock grows as a function of domestic production using the technology (i.e., foreign production has no 

effect on the domestic RES stock). The functional form and parameter estimates were chosen so that the 

adoption of advanced technologies under a $200/mtC tax would mimic the historical growth pattern of 

nuclear power (McFarland and Herzog, 2006). Equation 1 describes the growth of the RES stock for 

technology   in region   from one period to the next as a function of domestic production (McFarland et 

al., 2002; Paltsev et al., 2005). In the equation,     
  symbolizes domestic production using technology   in 

period  . An increase in production always results in a more-than-proportional increase in RES. The first 

growth term is linear and dominates at low levels of output, while the second term accelerates growth at 

high levels of output. The model assumes          and        . 

 

      
         

         
       

    (1) 

 

 The EPPA mechanism for controlling advanced technology diffusion has strengths and 

weaknesses. According to Jacoby et al. (2006), the EPPA scheme naturally induces an S-shaped adoption 

curve of energy production versus time, similar to observed adoption curves for existing technologies 

(Geroski, 2000). However, the EPPA approach is incapable of capturing some important underlying 

phenomena affecting technological diffusion. CGE models cannot represent firm heterogeneity (which 

Rose and Joskow (1990) concluded is an important determinant of adoption) or inter-industry differences 

in market concentration and competition (McFarland and Herzog, 2006). Central to this study, existing 

formulations “neglect country and regional differences in technology and adoption” (McFarland and 

Herzog, 2006). McFarland and Herzog (2006) highlight the obvious significance of these ignored 

international effects: “While the first countries to adopt CCS technologies would likely experience 

significant uncertainties and hurdles, it is not immediately evident that subsequent countries would face 

the same limitations. The global reach of technology and energy service providers has strong incentives to 

disseminate information across borders.”  

 The purpose of this study is to address this shortcoming of CGE models by incorporating 

international technology spillovers into the EPPA model. 

 

4. International Technology Spillovers 

 

 International technology spillovers accelerate the expansion of the world’s technology frontier 

(Jinji et al., 2010). They are an important source of economic growth (Verspagen, 1997), particularly in 

developing countries where innovation is lacking (Crespo-Cuaresma et al., 2008). Based on data 

availability, most previous research has focused on the OECD economies. Eaton and Kortum (1999) 

found that among the United States, Japan, Germany, the United Kingdom, and France, only the United 

States derives most of its growth from domestic innovation. Together, American and Japanese innovation 

drive at least two-thirds of the growth in the other three nations. Using patent data, Eaton and Kortum 

concluded that “research performed abroad is about two-thirds as potent as domestic research.” The 

proportion of potentially useful ideas developed in one nation that are ever adopted in another nation was 

found to vary between 0.30 and 0.88 across nation pairs. These results can be interpreted as constraining 

the relative contribution of foreign innovative activity to domestic knowledge capital.  

 Much of the literature on international technology spillovers points to international trade, 

particularly imports, as the primary channel through which technology is transferred. Coe, Helpman, and 

Hoffmaister (1997) provided several explanations for the linkage between trade and technology transfer. 

First, a country can use the intermediate goods and capital equipment it imports to enhance its own 

production processes. Second, through trading, a country can learn about new production methods and 

advances in product design. Third, nations can imitate technologies they encounter on the international 

market and produce them domestically. The linkage between international trade and technology diffusion 
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has been demonstrated empirically. Countries that import goods from technologically advanced trade 

partners experience productivity improvements (Coe and Helpman, 1995). Firm patents are significantly 

more likely to cite patents from another country when the firm imports from that country, while there is 

no significant evidence to support such a relationship when the firm exports to that country (MacGarvie, 

2006). 

 Although other potential channels of technology transfer have been identified, such as foreign 

direct investment (Yang and Cheng, 2007), imports appear to be the most critical determinant and have 

been widely analyzed. Coe and Helpman (1995) related technology spillovers to international trade by 

assuming that a country has both a domestic R&D capital stock and a foreign R&D capital stock that 

contribute to the growth of its total factor productivity (TFP). Its foreign R&D capital stock is an 

increasing function of its trade partners’ domestic R&D capital stocks, its import quantities from those 

trade partners, and its total expenditure on imports as a fraction of GDP. The final variable reflects the 

fact that more open economies – those which trade more – have a greater ability to adopt foreign 

technology. 

 

5. The Model: EPPA-ITS 

 

 As described in Section 3, the EPPA model controls the diffusion of advanced technologies using 

the technology-specific fixed factor input RES, which represents the stock of expertise and engineering 

capacity. It increases over time as a function of domestic production. Most attempts to capture 

international technology spillovers define linkages between imports and TFP, but as a literal 

representation of knowledge capital, RES is an ideal quantity to link to imports to represent this 

phenomenon. The incorporation of international technology spillovers into the EPPA model was 

accomplished by enabling foreign production to contribute to the domestic RES stock, with the strength 

of this contribution determined by bilateral import levels and economic openness. 

 The first step in including international technology spillovers is to determine the relative weight 

assigned to foreign production compared to domestic production in the growth of RES. Let      be the 

total value of goods and services that region   imports from region  . Then the import shares      are 

calculated according to Equation 2. They represent the fraction of total imports to region   coming from 

region  . 
 

     
    

∑       
 

(2) 

 

Let    denote the gross national product (GNP) of region  . Equation 3 determines the maximum fraction 

of GNP that any one region spends on imports (the maximum economic openness). 

 

      (
∑      

  
) 

(3) 

 

Equation 4 introduces a convenient intermediate quantity      that begins to establish the relative 

contribution of foreign production. It is the product of the import share and economic openness ratio, 

divided by the maximum economic openness ratio across all regions.  

 

          (
∑      

   
) 

(4) 

 

Equation 5 determines the minimum and maximum values of      across all importer-exporter pairs. 
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                                              (5) 

 

Let      denote the relative weight assigned to region   production in the expansion of the region   RES 

stock compared to domestic region   production. Assume that      is bounded by      and     :      ≤ 

     ≤     . Based on the findings of Eaton and Kortum (1999), let      = 0.30 and      = 0.88. The 

goal is to assign      weights based on      values such that      is assigned to the importer-exporter pair 

with the minimum      value and      is assigned to the pair with the maximum      value. The      

weights are determined according to Equation 6. 

 

           (
         

         
) (         )    

(6) 

 

 Using      as the relative contribution of region   production to the expansion of the region   RES 

stock compared to domestic region   production, the growth of the RES stock conforms to Equation 7. 

 

      
         

     (    
  ∑        

 

   

)  (    
  ∑        

 

   

)

 

  

(7) 

 

 The modified version of EPPA in which the regional RES stocks for all advanced technology 

options (as identified in Table 2) evolve according to equations 2 through 7 shall henceforth be referred to 

as EPPA-ITS. The ITS specification indicates the inclusion of international technology spillovers. 

 

6. Analysis: Effects of Incorporating International Technology Spillovers  

 

6.1. Scenarios 

 

To examine the effects of incorporating international technology spillovers on advanced technology 

adoption, carbon emissions, and the global economy, three scenarios are considered. In all scenarios, 

carbon emissions in all regions are taxed according to the schedule depicted in Figure 5. The tax begins at 

$50/mtC in 2010 and increases linearly until 2040 when the tax reaches $200/mtC. From 2040 onward the 

$200/mtC tax is maintained. This tax schedule is adopted from McFarland et al. (2002). It is considered 

appropriate for this study because it has previously been applied to the EPPA model and is a policy ramp 

that could reasonably be implemented.  

 

 
Figure 5. Global carbon tax imposed in all scenarios. 
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The EPPA scenario utilizes the standard EPPA model without international technology spillovers 

and with reference parameter assumptions. The EPPA-ITS scenario utilizes the EPPA-ITS model that 

incorporates international technology spillovers. The EPPA-Unconstrained scenario utilizes the standard 

EPPA model without international technology spillovers but with infinite initial RES stocks, representing 

the complete relaxation of the fixed factor constraint on technology diffusion. This scenario was included 

to provide an extreme case for comparison. The three scenarios are summarized in Table 3. 

 

Table 3. Summary of scenarios to analyze the effects of incorporating international technology spillovers. 

Scenario Incorporates International 

Technology Spillovers? 

Includes Diffusion Constraints? 

EPPA No Yes 

EPPA-ITS Yes Yes 

EPPA-Unconstrained No No 

 

6.2. Results 

 

 The cumulative share of advanced technologies in the global electricity generation mix, the 

subject of Figure 6, is an indicator of technology diffusion. All scenarios exhibit S-shaped adoption 

curves, consistent with empirical studies of historical diffusion trends (Geroski, 2010). As expected, the 

EPPA-ITS adoption curve generally lies between the EPPA and EPPA-Unconstrained adoption curves. 

The intuition is that the incorporation of international technology spillovers accelerates diffusion, but to a 

lesser extent than the complete relaxation of fixed factor input constraints. Throughout the period in 

which the tax is increasing, the inclusion of international technology spillovers accelerates the diffusion 

of advanced electricity supply technologies by roughly 5 years. The primary gains occur in the early years 

of the tax when the electricity sector struggles to adjust to the changing economic environment and fixed 

factor input demands are most stringent relative to their stocks. International technology spillovers 

augment the small RES stocks in the early periods and distribute them around the world, leading to 

significantly higher adoption rates in 2025 and 2030 that induce the 5-year lead. 

 

 
Figure 6. Effect of incorporating international technology spillovers on the cumulative share of advanced 

technologies in the global electricity generation mix. 

 

 These findings are confirmed by a more detailed analysis of the transition from conventional 

fossil fuel electricity generation to fossil fuel with CCS electricity generation (Figure 7). Fossil fuel with 

CCS adoption curves are roughly S-shaped and the EPPA-ITS curve falls between the EPPA and EPPA-
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Unconstrained curves, as expected. Consistent with the broader result, the incorporation of international 

technology spillovers accelerates the transition from conventional fossil fuel generation to fossil fuel with 

CCS generation by approximately 5 years. Again, the primary gains from these spillovers are realized in 

the early years of the tax increase. 

 

 
Figure 7. Transition from conventional fossil fuel electricity to fossil fuel with CCS electricity. 

 

 The presence of international technology spillovers reduces global carbon emissions by as much 

as 6% during the tax increase (Figure 8). The greatest reductions occur in early periods when spillovers 

relax fixed factor availability constraints on the early adoption of advanced technologies, enabling earlier 

and more substantial market penetration. Since these advanced technologies tend to be less carbon-

intensive than the conventional technologies they replace, international technology spillovers result in 

carbon emissions reductions. 

 

 
Figure 8. Effect of incorporating international technology spillovers on global carbon emissions. 

Reductions are relative to the EPPA scenario without spillovers. 

 

 As depicted in Figure 9, incorporating international technology spillovers leads to substantial 

global economic benefits. Annual global GNP in the EPPA-ITS scenario with spillovers exceeds that in 

the EPPA scenario without spillovers by as much as $500 billion during the time horizon. Even decades 

after the tax stops increasing, international technology spillovers result in approximately $100 billion of 
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annual global economic benefits. Over the entire time horizon, spillovers generate total global economic 

benefits in the tens of trillions of dollars. Note that the benefits produced in the EPPA-ITS scenario are 

rather close to the benefits produced in the EPPA-Unconstrained scenario, suggesting that international 

technology spillovers enable the economy to avert most of the economic penalty resulting from 

knowledge and capacity constraints on technology diffusion. 

 

 
Figure 9. Effect of incorporating international technology spillovers on annual global GNP. Benefits are 

relative to EPPA scenario without spillovers. 

 

7. Analysis: Effects of Assumptions About the Geographical Distribution of Innovation 

 

7.1.  Scenarios 

 

 Energy-economic models often make simplistic assumptions about the geographical distribution 

of innovation. Intuitively, however, it seems that this distribution could have a significant impact on the 

global pace of advanced technology adoption, global carbon emissions, and the global economy. To 

consider varying assumptions about the geographical distribution of innovation, this study considered 

scenarios in which the initial RES stock is distributed differently across the 16 regions of the model. In 

particular, the scenarios compare the case in which innovation is undertaken evenly around the world to 

cases in which innovation is concentrated in the advanced economies such as those of the OECD. Specific 

attention was given to the United States and Japan since they drive a large portion of global technological 

progress (Eaton and Kortum, 1999). 

 Five scenarios featuring the EPPA-ITS model with international technology spillovers are 

considered. The World scenario distributes innovation uniformly across all regions. The OECD scenario 

distributes 90% of innovation uniformly among the 5 OECD regions and 10% uniformly among the 11 

remaining regions. The USA & Japan scenario distributes 45% of innovation to the USA, 45% to Japan, 

and 10% uniformly among the 14 remaining regions. The USA scenario distributes 90% of innovation to 

the USA and 10% uniformly among the remaining 15 regions. The Japan scenario distributes 90% of 

innovation to Japan and 10% uniformly among the remaining 15 regions. The sixth scenario, World-No 

ITS, features the uniform innovation distribution of the World scenario but features the standard EPPA 

model without international technology spillovers. The World-No ITS scenario is included to evaluate 

whether the presence of international technology spillovers can compensate for an uneven geographical 

distribution of innovation. The carbon tax presented in Section 6.1 is applied in all scenarios.  

 The scenarios considered in this analysis are not designed to reflect the real geographical 

distribution of innovation. Rather, they are designed to elucidate the role that this distribution plays in the 
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energy-economic system and to highlight its interactions with international technology spillovers. The six 

scenarios are summarized in Table 4. 

 

Table 4. Summary of scenarios to analyze the effects of assumptions about the geographical distribution 

of innovation. 

 

Scenario 

 

Includes 

ITS? 

Fraction of Initial Global RES Endowments 

USA JPN EUR ANZ CAN Each 

Other 

Region 

(11) 

World Yes .0625 .0625 .0625 .0625 .0625 .0625 

OECD Yes .18 .18 .18 .18 .18 .009 

USA & Japan Yes .45 .45 .007 .007 .007 .007 

USA Yes .9 .007 .007 .007 .007 .007 

Japan Yes .007 .9 .007 .007 .007 .007 

World-No ITS No .0625 .0625 .0625 .0625 .0625 .0625 

 

7.2.  Results 

 

 The cumulative share of advanced technologies in the global electricity generation mix for each 

scenario appears in Figure 10. In general, technology diffusion occurs faster when innovation is 

distributed more evenly around the world than when innovation is concentrated in fewer regions. 

Diffusion in the World scenario leads diffusion in the OECD and Japan scenarios by as much as 10 and 

15 years, respectively. Among the scenarios in which innovation is highly concentrated, the rate of 

diffusion increases with the size of the innovative economies, their global export quantities, and the 

degree to which they adopt advanced technologies. For example, diffusion is faster in the USA scenario 

than in the Japan scenario because the USA is a larger economy than Japan, exports more around the 

globe, and employs advanced technologies to a higher degree. Figure 11 illustrates the growth of several 

regional RES stocks for the IGCC-CCS technology in both the USA and Japan scenarios. In addition to 

the sizes of the economies and export quantities, a primary driver of faster RES stock growth in the USA 

scenario is the fact that the USA employs the IGCC-CCS technology heavily — and distributes the 

expertise gains from high production to other regions — whereas Japan does not employ the technology.  

 

 
Figure 10. Effect of the geographical distribution of innovation on the cumulative share of advanced 

technologies in the global electricity generation mix. 
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 Figure 10 also illustrates the interaction between international technology spillovers and the 

geographical distribution of innovation. The presence of international technology spillovers can 

compensate for an uneven geographical distribution of innovation, but only after several decades required 

for technological knowledge to disseminate across the world. For a long time the concentrated innovation 

adoption curves lie below the World-No ITS adoption curve, but eventually the presence of international 

technology spillovers allows the system to overcome the disadvantages of unevenly distributed 

innovation. By 2035, all EPPA-ITS scenarios feature greater advanced technology adoption than the 

World-No ITS scenario, regardless of the assumed geographical innovation distribution. 

 

  
Figure 11. Growth of several regional IGCC-CCS RES stocks in the USA and Japan scenarios. See Table 

1 for information on region abbreviations. Note that RES stocks have non-physical units. 

  

 Figure 12 illustrates the effect of the geographical distribution of innovation on carbon emissions. 

In general, carbon emissions reductions are greater when innovation is distributed more evenly around the 

world than when innovation is concentrated in fewer regions. The ordering of EPPA-ITS scenarios from 

greatest carbon reduction to least carbon reduction is the same as the ordering from fastest technology 

diffusion to slowest technology diffusion observed in Figure 10. This is sensible since the substitution of 

advanced technologies for conventional technologies is a primary driver of emissions reductions. Note 

that the effect of including international technology spillovers on total global carbon emissions over the 

time horizon is sensitive to the geographical distribution of innovation. When international spillovers are 

incorporated and innovation is concentrated in a large and highly linked economy like the combined 

OECD, total carbon emissions are reduced. However, when international spillovers are included and 

innovation is concentrated in a smaller and less linked economy like Japan that does not utilize some 

advanced technologies, total carbon emissions increase. In summary, international technology spillovers 

reduce carbon emissions and uneven geographical distributions of innovation increase carbon emissions. 

The relative strength of the two effects is generally ambiguous, so the combined effect on total carbon 

emissions varies by scenario.  

 The global economic benefits generated by the presence of international technology spillovers 

under varying geographical distributions of innovation are depicted in Figure 13. International technology 

spillovers result in substantial global economic benefits regardless of the assumed geographical 

distribution of innovation. Economic benefits in the World scenario are significantly higher than those in 

any of the concentrated innovation scenarios, suggesting that uniformly distributed innovation is 

economically advantageous. The concentrated innovation scenarios all generate approximately similar 

benefits over time. Although more uniform geographical distributions of innovation may have economic 

advantages, international technology spillovers generate global economic benefits irrespective of the 

particular assumption regarding the geographical distribution of innovation. 
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Figure 12. Effect of the geographical distribution of innovation on global carbon emissions. Reductions 

are relative to the World-No ITS scenario. Negative emissions reductions are interpreted as emissions 

increases. 

    

 
Figure 13. Effect of the geographical distribution of innovation on annual global GNP. Benefits are 

relative to the World-No ITS scenario. 

 

8. Conclusion 

 

 This study provides a methodology for representing international technology spillovers in a CGE 

energy-economic model. The hope is that the EPPA-ITS model incorporating these spillovers will result 

in more accurate policy forecasts and serve as a useful analytical tool for studying technology diffusion 

and innovation. Given that the presence of international technology spillovers has important 

consequences, a priority of future research should be to include spillovers in other energy-economic 

models. With its explicit representation of the technology-specific knowledge and expertise stock, EPPA 

made it relatively convenient to incorporate this phenomenon. In other energy-economic models that do 

not include so explicit a representation, attempts could be made to incorporate international technology 

spillovers through linkages to variables such as TFP or AEEI. There is also potential for significant 

research on other classes of spillovers, such as across different industries or between related technologies. 

 Incorporating international technology spillovers was found to have significant effects on the 

energy sector, the environment, and the economy under a realistic carbon tax schedule. The presence of 
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spillovers accelerates the global diffusion of emerging electricity supply technologies by roughly 5 years, 

reduces carbon emissions over the entire lifetime of the tax increase, and generates annual global 

economic benefits in the hundreds of billions of dollars. Given the significant benefits that result from 

incorporating international technology spillovers, energy-economic models that do not represent these 

spillovers likely underestimate the positive impact of advanced technology options. 

 The EPPA-ITS model enabled an examination of the effects of varying assumptions about the 

geographical distribution of innovation. It was determined that more even geographical distributions of 

innovation result in more rapid diffusion of advanced technologies, greater carbon emissions reductions, 

and larger global economic benefits. In terms of global technology diffusion, the presence of international 

technology spillovers can eventually compensate for a highly uneven geographical distribution of 

innovation, but with a delay of several decades. Spillovers cannot necessarily compensate for the 

increased carbon emissions associated with a highly uneven innovation distribution. In cases where 

innovation is highly concentrated, heavy adoption of advanced technologies by the pioneering economies 

has significant advantages because the expertise gains from high production will diffuse to other regions. 

In general it is evident that assumptions about the geographical distribution of innovation have significant 

effects on model results and should be studied more carefully in determining model parameters.  

 As with virtually all energy-economic modeling endeavors, the representation of international 

technology spillovers would benefit from greater availability of data. This is particular true of developing 

countries, where data is often lacking but the benefits of international technology spillovers are most 

critical for economic growth. 
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