32
REDUCING CARBON EMISSIONS VIA STRUCTURE CHANGE ALONG A CONSUMPTION TURNPIKE: A REMESEY-TSUKUI-LEONTIEF DYNAMIC ENVIRONMENT SYSTEM OF CHINA
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Replacing applicable capital turnpike model (Tsukui and Mutakami, 1979) completely resolved by linear programming, an environmental oriented consumption turnpike is firstly presented, with maximum residents’ real welfare represented by accumulated long-term utilities (Remesey, 1928), however, it irresolvable before the development of a new dynamic programming model. Along this effective sustainable growth path, changes in industry structure might enable China to meet its 2020 goal for reduction in its carbon emissions., By implementing an environmental oriented dynamic input-output system in China, formatted using a dynamic programming with given national carbon targets, this would serve to achieve the aim of maximizing national utilities (or consumptions) over accumulation periods. Possible constrains for this model is both the balance in the demand-supply dynamic and the magnitude of output and energy-use changes within realizable and practical limits. The novels of Remesey-Tsukui-Leontief turnpike model are integrating the dynamic input-output model with a new dynamic programming with both constraints under given terminal conditions and national carbon targets, as well as establishing an objective in maximizing the accumulated final demand (excluding investment) over the planning time, rather than  that maximizing the terminal capital in Tsukui’ capital turnpike. Utilizing a new reverse algorithm, a solution to an effective sustainable growth path finds inter-industry shifts of production and investment enable China, with reasonable ratio of consumption to investment accumulation on the long term, to reduce carbon emissions per Growth Domestic Production (GDP) by at least 40% of its 2005 levels before the year 2020. The model suggest that increasing service share by 5% without panel manufacture growth, increasing consumption annually by ten point percentage than actual economy performance would help China’s economy growth more effectively.
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1.  INTRODUCTION
With heavy industrialism and urbanism over a past couple of decades, China’s economy is characterized by heavy-industrial structure dominated by coal-consumption so that a lot of carbon energy production and consumption and related carbon emissions have largely rose. In 2011 China discharged 8.715 billion metric tons of carbon dioxide, accounting for 26.7% of the world’s total emissions and surpassing the US as the world's largest emitter (EIA, 2012). In structure, Agriculture, Construction, and Wholesale and retail trade have the lowest carbon emissions shares, i.e. 3.7%, 1.5%, 2.6%, but the largest GDP shares (13.1%, 16.6%, 16.3%); in contrast, Heavy industries—like Metal processing and manufacturing, Chemical and pharmaceutical, Building materials and non-Metallic Materials Industry—release the greatest shares of carbon emissions (28.9%, 13.5%, 9.5%) but yield fairly low shares of GDP (2.9%, 6.7%, 4.8%).[footnoteRef:2] The diversity implies that a strategy of industrial shifts is a plausible way of reducing carbon emissions substantially without harming the nation’s continued GDP growth. [2:  Source from energy-carbon-economic input-output (ECEIO) table in 2007 (Fu et al., 2012)] 

In December of 2015, the 21st Conference of the Parties to the UN Framework Convention on Climate Change (UNFCCC), and the 11th Conference of Parties to Kyoto Protocol was held and 200 contracting party to consistently unanimous approval “Paris Agreement”. In April of 2016, Presidents Xi Jinping and Barack Obama signed the Paris Agreement during the first day of signatures for an international agreement. Also, it is succession of U.S.-China Joint Announcement on Climate Change, the 2014 meeting of Asia-Pacific Economic Cooperation [APEC], and the promise of the United Nations Climate Change Conference of Copenhagen in 2009. Besides, the join agreement in 2016 includes Australia, Argentina, Cameroon, Canada, France, Mali, Mexico, Philippines. The Paris Agreement sends a clear signal that business and investors must put climate at the heart of decision-making. Today is a remarkable, record-breaking day in the history of international cooperation on climate change and a sustainable future for billions of people alive today and those to come. The Paris Agreement marked a watershed moment in taking action on climate change. After years of negotiation, countries agreed to limit global temperature rise to well below 2 degrees Celsius, while pursuing efforts to keep temperature rise to 1.5 degrees. 
In response to international pressures, China stated years before to mitigate the nation’s carbon dioxide emissions per GDP (carbon density) by at least 40% of its 2005 levels till the year 2020. It also expects to produce 15% of its primary energy from nonfossil sources in 2020. An effective strategy to reduce such carbon emissions reduction goals should be rationally grounded on an efficient trajectory of economic structural changes, accumulating residents’ final demand and capital maximally. It is necessary to introduce a concept which economists call “turnpike”, a term that describes the speedy road of economic development. It provides an economy path that develops and grows rapidly through health structure with the government regulating economical components at the beginning and end of this pathway toward  an ideal structure according to proposed industrial policies or macro-regulations.
  Developed countries have access to vital tools to mitigate carbon emissions, such industrial shifts, energy saving, and exploration for green and energy conservation; however, China must address energy security concerns due to its heavy reliance on coal and fossil fuel which makes the mixture of energy resources impossible to vary within a short-term frame.  In general, Natural gas and oil emit less carbon dioxide than coal, renewable energy discharge no carbon dioxide. Lately China has been emphasizing renewable energy options. Indeed, in 2012 China spent $65 billion US (the U.S. spent $36 billion that same year) while also expanding its coal production and consumption, commissioning 40 Gwh of coal-fired electricity generation plants, requiring on the order of 0.86 billion tons of more coal production by 2015 (EIA, 2013). According to Arnold Cohen (2014) of Breakthrough Institute, China added 1 Gwh of solar energy in 2013with another 27 Gwh of coal-fired electric power; this over 600 percent of its investment in new wind energy. So we also examine the sensitivity of the economy to changes in energy mix, which could diminish the pressure to alter industry structure in order to attain carbon reduction targets.
Moreover, differing from most highly-developed countries, China is in possession of a substantial portion of state-owned energy plants and heavy manufacturing. Besides market-oriented regulations like taxation, emissions trade mechanism, and environmental controls, shifts in China’s industrial structure would enable mitigation of carbon dioxide emissions. Actually, the 18th Central Committee held the Third Plenary Session to confirm the significance of reconfiguration, reallocation, and retooling of production capacity among a variety of industries to reduce pollution and save energy, instead of  simply focusing on the improvement of economic growth (China Central Television, 2013).
FIGURE 1. An environment oriented turnpike Leontief input-output system
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Figure 1 indicates a perfect growth in theory of environment oriented turnpike for acountry 
In light of the proposed plan to reduce carbon emissions through industry restrutcture this paper presents a practical guide on how industry shifts in production and increased investment among key sectors may help meet China’s simultaneous targets of reducing emissions and developing their economy. By simulating the GDP growth of China, this paper assumes growth is maintained best by raising production and investment shares in services and high technology sectors. Restructuring is plausible through aggressive development in  electronic commerce, tracking and courier delivery services, and civil infrastructure—specifically high-speed intercity railways and local rail transit.  These sectors have shown to contribute to GDP growth while discharging less carbon emissions during production. Through this end, China’s reduction of carbon emissions may be achieved by working with industries that provide value to the GDP and utilize fewer energy resources for their manufacturing.  
A strategy to reduce carbon emissions on a long-term basis should be based on a trajectory of restructuring economic development that evaluates the interconnected relationship of the industry structure and rational ratio of consumption and capital accumulation. The consumption means the current benefit of people have, while the capital brings to the future consumption and future welfare. The rational ratio of consumption to capital is consumption share of the present to the future. Final demand, including consumption and capital together can induce current production directly and indirectly, which directly and indirectly use the energy and discharge carbon dioxide. However, the capital will generate the future carbon emissions through enlarged production. So the ration ratio of consumption and capital accumulation is vital for long-term planning. China’s trend toward higher income levels and lifestyle changes will cause an increase in energy consumption by households (Lin & Liu, 2010) [2]. People have higher income than before and trend to consume more house, private vehicle, heater and air-condition, which are utilize more energy, and discharge more carbon dioxide. More people immigrant to the metropolitan, and cities, they change the lifestyle as city people with higher consumption of goods and service, rely on more transportation due to the enlarged radius of commute. It brings to more carbon dioxide. On the other hand, the compact habitancy, office building and public transportation save energy consumption per capita.
In spite of increasing literatures applying input-output techniques on energy economy and carbon emissions in China, most of them attempted to identify and analyze drives of carbon emissions as well as the effects of China’s economic behavior on carbon emissions by structural analysis (Peters et al., 2010, Weber, et al., 2008, Guan, et al., 2009, Feng, et., 2009, Minx, et al., 2011), even through multi-regional input-output analysis (Feng et al., 2013 Meng et al., 2013). It is very difficult but more important to specify the government strategy of industrial update policy and to guide abating carbon emissions when keeping sustainable econmic growth. 
A few studies made long-term analysis by applying dynamic programming to static input-output models (Tahvonen, 1991, Perrings, 1998, Stevens and Rose, 2002). However, there are little dynamic input-output models that incorporate the global warming policy. Since Dorfman, Samuelson, Solow (1949) first presented the turnpike theorem, the most efficient economy growth could be found through Leontief dynamic input-output model combined with a linear program. After six decades, the turnpike theorem is still theoretically relevant but rarely gets application. 
As Ramsey’s consumption turnpike maximizes the utilities accumulated over the plan term, it is particularly significant in promoting industrial strategy to preserve resident welfare and for putting forward plausible environmental taxes on consumers. However, it is difficult to be applied as it requires exploring dynamic programming. Up to now, the unique practical work is the application of capital turnpike theorem through linear programming by Tsukui and Mutakami (1979), who gave a great contribution on turnpike theorem in a computable dynamic Leontief system applied to the planning for efficient capital accumulation in Japan (Jinkichi Tsukui, 1968a, b) and then with consideration of international trade (Jinkichi Tsukui & Yasusuke Mutakami, 1979). The turnpike model with the maximum capital stock in final term and with maximum Von-Norman balance growth rate could be searched by linear programming.
The consumption turnpike, with the maximum consumption accumulated over time, requires dynamic programming, to which the solution is difficult to obtain for several reasons: first, slow computation speed results in dimension disaster for decision-making in large scale systems; and second, dynamic programming lacks a standard algorithm like linear programming so must to be resolved case by case. The modern intelligent determination analysis demands perspective of long-term, consumer-center and environment friendly, thus, consumption turnpike model in environment economy system needs to be developed which should be applicable for search the efficient sustainable growth path for abatement of carbon emissions.
 An entirely new consumption turnpike in an environment dynamic system will be developed and applicable for a long-term planning of restructuring production and investment and of rationalizing the ratio of consumption to accumulation, to the goal of maximum of consumption accumulation on planning period and also in a binding constraint of a 40%-45% decline in carbon intensity by 2020 comparing it to levels during 2005. 
In an effort to build a solid theoretical base of this new consumption turnpike model, i.e., the Mixed Consumption Environmental Turnpike, this paper discusses features from the capital turnpike theorem, Von-Norman’s turnpike theorem and Ramsey’s consumption turnpike theorem; the ultimate goal is to incorporate the dynamic input-output models combined with optimization and emphasizes the plausibility of these models. The capital turpike and Von-Norman’s turnpike theorems utilized the linear programming for the maximizing objective such as the final capital stock and the balance growth rate. However, the Ramsey’s consumption turnpike theorem reflects welfare improvement on long term utility. Its objective is embodied in the accumulated consumption over the target period. 
In general, this type of consumption turnpike model requires developing dynamic programming algorithms.. The previous consumption turnpike theorem--Tsukui’s turnpike in a computable dynamic Leontief system, was unable to focus on this issue.  Later, comparing to Tsukui’s turnpike, a new optimal dynamic input-output model considering international trade and environmental issues will be presented, and then a specific-issue of dynamic programming will be deduced in the reverse algorithm, of which the general meaning exists in resolving the dynamic programming in the framework of consumption turnpike.
Different with the Leontief’s, Von-Norman’s turnpike theorem, consumption turnpike optimality is carried in an energy-carbon-economy input-output dynamic model (ECEIOD model), where the maximizing accumulation of GDP (instead of utility accumulated continuously in Ramsey’s turnpike) represents the desideratum for the problem. A new reverse algorithm gives solution of the turnpike optimality; in addition, it is a general version able to be applied to the consumption turnpike models of all types. 
The final section applies this model to restructure production and investment and rationalize the ratio of consumption to accumulation for efficient growth path with a binding target of reduction of carbon emissions. In application, a set of self-compiled ECEIOD tables links industrial production and household consumption to fossil energy consumption and embodied carbon dioxide emissions. Integration of RAS method and time series is able to update the ECEIOD tables and carbon emissions intensity by industries. Specifically, in using the Chinese capital formation matrix issued by Chinese National Statistics Bureau, the modification will be done involving Chinese technology coefficients and capital formation matrixes. 
The government should find an effective growth path, the economic structure of which is consistent with eigenvalue of input-output over the planning years. Once the central government adjusts the economy toward this lane, the economy will develop automatically and smoothly alone the speedy path. Approaching the ultimate lane, the government can adjust the economic structure towards its target. It is the fast and effective way to realize the objective. Thus, the optimal dynamic input-output model, maximizing accumulation of GDP under constraints of production and carbon emissions, gives optimal industry structure based on carbon emissions intensity reduction.
2 The dynamic input-output technique and classic turnpike theorem
This path of structure adjustment can be efficient only if consumption turnpike theorem is applied, which demands a new dynamic programming algorithm. To build a solid foundation, this section relate and distinguish all related the previous work with the new consumption turnpike theorem and its new reverse algorithm.
The theoretical input-output model (Leontief, 1936) is developed adequately as well as it applied comprehensively on the economy, trade, environment (Leontief, 1970, Miller & Blair, 1985, Wood and Lenzen, 2009) and demography issue (Stone, 1970). The environment input-output models recently focused on the policy analysis of energy, resource and GHG emissions and pollutants, but rarely did environment dynamic input-output model. It is deserved to probe more deeply into the path of economy efficient growth for the target of carbon emissions reduction. 

FIGURE 2. The development of input-output technique.
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Its main stream includes structure decomposition analysis (Proops, 1988, Tarancón et al 2007, 2010), multi-regional input-output model (Peters et al., 2009, Han et al, 2004, Wiedmann et al., 2008) and dynamic input-output model (Leontief, 1970). Leontief dynamic input-output model introduces the capital coefficient which connects the investment of various industries with next-year production of those industries, so it has apparent advantage in long-term planning. Its core is using dynamic inverse to search Leontief trajectory. 
Because the capital formation requires many years, ten Raa’s (1986) multi-period model reflected working capital complement; considering human capital cultivation for many years from the element education to high education, Aulin-Ahmavaara presented multi-year lag during both production and investment so that his multi-year input-output model combined various characteristic (Aulin-Ahmavaara, 1989, 1990). 
Corresponding to these models, many kinds of the general dynamic inverse gave the generalized solution for multi-period model (ten Raa, 1986), for Leontief-Duchin-Szyld dynamic model in case of output expanding and decline (Duchin & Szyld, 1985), and for the multi-year education-economy input-output model with assets (Fu, 2009). 
Another branch of dynamic input-occupied-output (IOO) technology (Chen et al, 2005) used dynamic inverse to make human capital development plan (Liu, 1996), determined human capital requirement linking to national economy growth (Zhang and Chen, 2004) and rationalized the education structure consist with China’s economy development based on a multi-year lag IOO model (Fu, 2009).
Dynamic input-output model has two properties: (1) the largest Perron-Frobenius characteristic root (eigenvalue) corresponding the balance growth rate, (2) the prerequisite of long-term production stability is the initial output structure fitting the eigenvector of input coefficient; otherwise, the controlling method of economy system is to adjust the production structure to the share of eigenvector (Hua, 1984, a, b, c, d, e, 1985, a, b). 
Hua (1984) stated that, in a close model, input coefficient is irreducible nonnegative matrix, and it has a positive eigenvalue of maximum which corresponds to a unique positive eigenvector. If the economy system isn’t arranged its production according to share of eigenvector, the system will lose balance and resulted in collapse. So the dynamic inverse method will be invalid if Hua’s initial condition is unsatisfied. Planning or regulation can be made to adjust the output structure to fit eigenvector. In Leontief trajectory, the initial output may not fit eigenvector of input coefficient, government should promote technical progress and structure adjustment make economy system to meet the Hua’s theorem. To avoid the system collapse, the input-output equation usually is integrated into optimization and taking nonequivalent constraint format, in further, linear programming make the dynamic input-output system has the solution of growth. Thus the Hua’s perplex can be handled. 
The static IO optimal model, combined with linear programming even dynamic programming, is gradually mature in application. Starts from the case of the static model with slacken input-output constraints. Xia(2010) have investigated how best to adjust national industrial structure in order to minimize energy consumption. Water regional policy was studied (Lopez-Morales & Duchin, 2011). Linear programming are prevailing-most technology. Fu (2012) proposed inter-industry shift to meet the goal of reduction of carbon emissions. Nevertheless, the dynamic programming possesses the advantage in the long-time planning. Rose (1996) employed it to simulate the five long-term strategies for stabilizing China’s carbon dioxide emissions; owning to lack of capital flow matrix, the static input-output model was combined with capital stock vector linking to capital flow vector. 
Leontief dynamic model connects the current production to the future output across industries through capital flow matrix by industry. In virtue of technology limitation, the dynamic input-output model was nowadays merely united in linear programming rather than dynamic programming for making some long-term decisions. Na (2006) and Zhang (2001) made the multi-goal programming on the basis of the dynamic input-output model for economic long-term forecast. All of above models are aimed at maximizing the sum of output over the planning term, but simplicity application of linear programming have no consideration the efficient growth theory (i.e“turnpike theorem”); indeed, their objectives and constraints with the time sequence ought to be used the sequential constrained technique in dynamic programming in place of simply linear programming.  
Using the optimal technology to overcome the unbalance system can be also traced back to the origin of turnpike theorem. The Dorfman, Samuelson, Solow (1958) first combined the linear programming with dynamic input-output model in “Linear Programming and Economic Analysis” and demonstrated that the solution is exactly Leontief trajectory, which is the efficient growth path, so called turnpike. 
Turnpike theorem is concerned with efficient paths of accumulation of economic expansion. Efficiency is defined with reference to the terminal stocks paths, namely, a path of accumulation lasting N periods is efficient if no other path, starting from the same initial stocks and complying with the technical restrains, reaches larger terminal stocks after N periods. Their concept is contrast to von-Norman (1932), who proofed the existence of a balance, where the price just compensate the cost so as to no profit exist, stimulatingly, the expand of economy activity make the capital stock expanding at maximum rate, meanwhile the optimal model with objective function takes no effect.
Samuelson (1949) thought that it is necessary to introduce optimal in the case of economy unbalance. He also first put the concept of turnpike forward from von-Norman model, in which exist a turnpike, and of which the maximum objective function is the scale of capital stock in final term. Put another way, turnpike is the speediest path of capital balance growth, so-called von-Norman equilibrium. Later, Dorfman, Samuelson, Solow (1958) demonstrated the turnpike theorem in the model with two capital goods, and found the efficient capital growth path is consist with Leontief trajectory. The technology advance make the Leontief trajectory became a curve.
The long-term restructuring economy was adequately studied by the turnpike theorem in theory. Turnpike models are concluded into three types: von Neumann model, Leontief’s model, and Ramsey’s model (McKenzie, 2012, Samuelson, 1965, Tsukui, 1980, Kiedrowski, 2001). 
First type from von Neumann model (Neumann, 1937) is a closed linear model of production in which the output of one period furnish the inputs of the next period, and combining with turnpike theorem to get the path of proportional expansion of stocks which achieve the largest possible rate of expansion, so called Neumann rays (McKenzie, 1963, 2012). 
Second type from Leontief’s model is a general form. Hicks (1961), Morishima (1961) and Mckenzie (1963) make the turnpike theorem became the global for disaggregated industries production with variable production coefficients and durable capital goods. It is similar to turnpike in Leontief’s model (Dorfman, Samuelson, Solow, 1949), which is to find the efficient path for maximum of the terminal stocks.
Third type linking to Ramsey model (Ramsey, 1928) consider consumption turnpike theorem in continuous form (Samuelson, 1965, McKenzie, 2012). Comparing to the above two thermo, utility of consumption can represent the desideratum for the problem, instead of largest growth rate in von Neumann model, or largest terminal stock in Leontief model.
In application, Jinkichi Tsukui (1966) used the turnpike theorem in a computable dynamic Leontief system to the planning of economic growth, for example, planning for efficient accumulation in Japan (Jinkichi Tsukui, 1968a, b) with consideration of international trade (Jinkichi Tsukui & Yasusuke Mutakami, 1979). 
He presented three types of turnpike theorem, i.e., maximizing growth rate, final stock, and the accumulated consumption respectively. The first two theorems are related von Neumann model and Dorfman, Samuelson, Solow’s model (1949), considering balance growth rate and terminal stock maximum, and are applied in Japan (Tsukui, 1968, 1979) by linear programming. 
An analogy turnpike models are: He (2005) used linear programming with maximizing GDP at final term for turnpike on shadow water price based on dynamic input-output model; Xie (2006) lay a five-year planning in Beijing using linear programming in a dynamic input-output model. The existing few applications of the former two types of turnpike theorem provided the long-term lane of structure change by mainly being transferred into a linear programming.
However, the core of turnpike theorem is the accumulated welfare maximums, for example, accumulated consumption or GDP over the planning years. It requires dynamic programming substituting for linear programming to find the turnpike lane of consumption—“Ramsey model”, which usually takes continuous form. Tsukui’s took discrete consumption turnpike theorem providing the computable foundation of planning. 
Compared to the former two turnpike models, the consumption turnpike, in adoption of maximizing the utilities accumulated over the plan term in replacement of capital maximum in final term, indeed embodies human long-term welfare improvement, and particular meaningful for government strategy concentrating on consumer. 
However, consumption turnpike requires dynamic programming, unresolved under previous technology limitation: dimension disaster in large-scale system due to slow speed calculation and computation complexity; second, lack of standard algorithm as linear programming so as to resolve case by case. Therefore, this type of turnpike requires exploring dynamic programming to make planning instead of linear programming. 
Perron Frobenius theorem - Harvard Mathematics ...
3 A type of turnpike theorem in environment dynamic system
A new consumption turnpike within an environment input-output system will be developed, of which the linkage to and distinguish with the previous models is shown in Table 1. The current research on planning by means of dynamic input-output model is classified into four catalogs according to relation of their theory to turnpike theorem and whether the methodology utilizes linear programming or dynamic programming. 

TABLE 1. Present research on planning by means of dynamic input-output model.
	                         theorem
Methods
	turnpike theorem
	no turnpike theorem

	linear programming
	Tsukui (1968); Tsukui & Murakami(1979); J. He (2005), Xie (2006)
	H. Zhang (2001);R. Na (1998,a,b, 2006), Tang (2001)

	dynamic programming
	
	 G. Liu (1998,2009)



 (1) Most researches on dynamic input-output model for the long-term planning utilized linear programming (H. Zhang, 2001, R. Na, 1998). But it is unable to find a turnpike--the most efficient way to growth. 
(2) G. Liu (1998, 2009) gives some reverse algorithms of dynamic programming in unconstraint dynamic input-output model, unrelated to turnpike thermo, also another pattern considering price variable. It is shown as follows and has two aspects to improve
[image: ][image: ]                                     (3.1) 
 The model can have constraints: the production and investment as dynamic IO model, capacity of resource and environment, and international trade factors. 
 The theoretical foundation of efficient growth path on basis of turnpike theorem determines the reasonable industrial structure of production and investment, and the rational ratio of consumption to output.
(3) Turnpike theorem is applied in dynamic input output model by Tusukui & Mutakami (1979) through linear programming with maximizing the capital of terminal year. 
Three theoretical Tsukui’s turnpike models (1968, 1979) are shown in Table 2. The two types are taken into practice. Their objective function is respectively capital accumulation (a time invariance of final year) and Von Neumann’s balance growth rate (a time independent variance), so these models only require linear programming. The third type is inapplicable by linear programming. The objective function is maximizing accumulated welfare over the planning year, related to time invariance over planning time, so it requires dynamic programming. It will belong to the type model in the following paragraph.
TABLE 2. Tsukui’ models and their application.
	Type of Tsukui model
	Model pattern
	Turnpike theorem
	Algorithm

	Model of capital accumulation
	[image: ]
	Leontief dynamic model
	Linear programming; (has algorithm and application)

	Model of balance growth rate
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	Von Neuman’s
	Linear programming; (has algorithm application)

	Model of consumption
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	Remesey’s model
	Dynamic programming; (no algorithm application)


                                          
(4) A consumption turnpike model, combined Leontief dynamic input-output model with the dynamic programming, is currently in the blank. Here, a new consumption turnpike, within an environment input-output system, will be developed aiming at accumulated consumptions maximum under carbon constraints; dynamic programming is plausible to run by a new reverse algorithm. Absorbing Ramsey’s model (Ramsey, 1928) maximizing the utility over time, it is on virtue of the consumption turnpike theorem (Samuelson, 1965), and analogous to the Tsukui’s consumption model. Consumption-center is vital due to: 
  accumulated consumption embodying the long-term welfare improvement,
 the consideration of consumption making tax and regulation plausible, thus considering the environmental tax and regulation on consumer side more than on production side, 
 rationalizing the ratio of consumption to output, 
restructuring production, investment and consumption alone turnpike lane under constraint of environment and capital capacity,
The model finds an efficient growth path with maximizing accumulated consumption over the planning period, assumed that all economy structure grow at the same speed if economy develop along the turnpike lane. In application, it takes the various structure coefficients at certain year, combining them with the analysis of econometrics and experience of other countries, to modify them to reasonable coefficients. The next paragraphs give the IO technical for long term planning by linear programming and dynamic programming.

4.  Turnpike Optimality based on dynamic input-output model by dynamic programming
Let finite time T, the Mixed-consumption turnpike model achieve the goal of maximum of capital in time T and accumulated consumption from time 1 to time T. This model has novel characteristics:
(1) The consumers have maximum benefit on the long time. Previous turnpike model mainly maximize the final capital (Dorfman et al., 1958, Tsuki, 1969) and generate more theoretical research than application (Zaslavski A.J., 2009). Considering China’s duplicated construction, high investment which results in serious pollution and excessive energy consumption, shrinking consumption at the low level of welfare. The utility accumulated reflects welfare improvement in consumption turnpike of Tsuki (1969) and McKenzie, L. W. (1986), but it is a variable that is notoriously difficult to define and let alone measure. Here, the accumulated consumption rather than the capital stock embodies an actual social benefit. Specifically, it takes the consumption identification from Leontief dynamic model in demand direction.
(2) 

The model objective maximize both the accumulated GDP (or final demand), excluding investment, from the initial year until the final year  and the capital in final term.The first term is consistent with the consumption turnpike defined in Tsuki (1969) and McKenzie, L. W. (1986), and the second term in accordance with the capital turnpike define in as (Dorfman et al., (1958) and Tsuki (1969), so it can be called mixed consumption turnpike model. The objective can be transformed

 .
Set terminal condition as GDP in final term, including consumption and capital of final year:


 , Here  denoted as the price index of final year.
Then the objective is transformed into an accumulation process in which the capital in final term plus the part of consumption which is accumulated reversely from final year. Each step of this process is defined as


t=1,…,T-1
As shown in turnpike models, the objective is bounded by Leontief dynamic input-output equations from initial to final year. So mixed-consumption turnpike can be formed as a set of objective functions with corresponding constraints.




(3) It is an international turnpike model, including exogenous export and import. Thus,





Here, ,,are respectively domestic consumption, import, and export.
(4) 


The model gives green sustainable growth by including constraints of carbon emissions and other pollutants. It concerns about carbon emissions and other pollutants embodied in both production and consumption. Through input-output coefficient and coefficient of CO2 (), SOx () and NOx (), the embodied pollutants in trade can be integrated into mathematical programming, which can completely reflect direct and indirect emitted CO2, SOx and NOx.


The carbon emissions and other pollutants source from fossil energy consumption can be accounted according to the quasi-dynamic model and Fu (2012). The intensity of carbon emissions and other pollutants by industry is estimated according to the time series of historic data and referred to the related industrial carbon emissions intensity of UK.
An efficient growth path is found which maximizes both accumulated consumption over the planning period and terminal capital in economic structure along the speedy growth lane. That means that the industrial structure is in consistent with the shares reflecting eigenvector of economy system. Moreover, it enable to obtain a rational the ratio of consumption to capital accumulation, investment structure alone turnpike path. The government only rationalizes the economic structure in the initial period to make economy grow alone the turnpike and adjusts economic structure toward the aimed structure in terminal of planning time. Figure 1 indicates a perfect growth in theory of environment oriented turnpike for a country.
(4) In regard to the accumulated consumption over planning time, the model should give a new algorithm of dynamic programming, instead of linear programming which is used in capital turnpike. As shown in Table 4, dynamic programming Mixed-Consumption Turnpike (MCT) model solved by a dynamic programming supplies a gap. Static IO models integrated into linear programming aim at  maximum GDP or value added of one year (Liu et al., 2009, Fu Xue, 2012) or for equivalent dual problem at minimum cost of water resource (Lopez-Morales & Duchin, 2011) and energy use (Xia, 2010). Without capital matrix, static IO table is combined with dynamic programming target at accumulated GDP (Rose, 1996). After introducing China’s capital matrix, dynamic IO model is combined with multi-stage linear programming to find the long-term planning with attempt of a maximum accumulated GDP but no consideration of turnpike theorem (Zhang, 2001, Na Risa, 2000). When involving in the turnpike lane, the dynamic IO model was in framework of linear programming for maximum balance growth rate (He Jin, 2003), maximizes GDP (He at al.[36], He at al.[37]), or maxmium capital at terminal year (Tsukui[73],Tsukui & Murakami[72], Dorfman, et al.[25]). However, the core of the MCT dynamic model is maximum accumulated consumption, so it does not enable any more to apply linear programming, but dynamic programming to resolve. Reverse algorithm should be deduced to get solution, which is generalize algorithm for all kinds of discrete consumption turnpike model. 
(5) Mixed-Consumption Turnpike (MCT) model is technology advanced dynamic model. The model uses a series of energy-pollutant-economy IO Tables with capital matrix. Comparing to the classic input-output model, it has two distinguish properties. First, it allows change in structure coefficient to embody technology advance. The technology change is embodied in material saving (the input-output coefficient) and capital composition improvement(capital coefficient). Second, it considers the change of energy mixture and corresponding pollutants removal efficiency.

Table 4: Comparison of MCT model with other optimal IO models

	Theorem
Method
	Turnpike theorem
	Non-Turnpike theorem

	
	model
	objective
	constraints
	model
	objective
	constraints

	Static IO model
	Linear programming
	-
	Xia(2010)
	Minimum Energy consumption
	IO equations; Constraints of industry structure

	
	
	
	Fu Xue(2012)
	maximum GDP in expenditure approach
	IO equations; Carbon constraints

	
	
	
	Liu et al. (2009)
	maximum GDP in income approach (value-added) 
	IO equations; Water use constraints

	
	
	
	Lopez-Morales & Duchin(2011)
	Minimum cost of water, dual problem
	Water use constraints; water resource endowment

	
	Dynamic programming 
	-
	Rose (1996)
	maximum accumulated GDP in expenditure approach
	IO equations; resource endowment; investment accumulation equation

	Dynamic IO model
	Linear programming
	Tsukui[73],Tsukui & Murakami[72], Dorfman, et al.[25]
	Capital in final term; balance growth rate
	Dynamic IO equations; resource endowment
	Zhang (2001)
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4.1 Model 
The dynamic model is established in equation (4.1) as objective function, and equation (4.2) as constraints.

[image: ]                                     (4.1) 

 [image: ]                 (4.2)
Here, [image: ] is the input-output coefficient matrix, [image: ] is the coefficient matrix of capital formation, [image: ]is the output vector, [image: ]is the change in output,[image: ]is the consumption of household, [image: ]is the export vector, [image: ]is the import vector, [image: ] is the vector of carbon intensity of industry, [image: ] is the vector of carbon emission of household, [image: ] is the carbon emission at target year, [image: ] is unit vector, the subscript u is the up bound of the variable, the low script is the low bound of variable, t is the time variable, t=1,…,T,  T is the planning year.
[image: ] is the terminal constraint at time T, [image: ]is the objective, i.e. cost function at time t,  [image: ]is the state variable, [image: ] is the control variable,  control variable in this model. We deduce a reverse algorithm to get solution of this dynamic IO model in the following section 4.
4.2 The determination of total carbon emission of each year TC(t).
Target of carbon emission reduction is assumed to be achieved through linear decline. The reduction of carbon emission intensity at t year to the based year is [image: ][image: ].  Target of reduction of carbon intensity decrease 40% for 15 years so the constraints of reduction of carbon emission is: the reduction of carbon emission intensity in 2020 to that in 2005. The carbon emission intensity is denoted as [image: ], the reduction of carbon emission intensity between 15 years is,[image: ]. The reduction of carbon emission per year in average from 2005 to 2020 is [image: ],  [image: ]. Reduction of carbon emission for t years is [image: ], for example,[image: ]. The computation process is as follows (up script l means low constraint, up script u means up constraint),
(1) Intensity reduction per year: [image: ], [image: ],
(2) Intensity reduction for three years:[image: ], [image: ]
[image: ] 

The carbon emission constraint in time [image: ]is 
[image: ]
4.3  Reverse Algorithm in Turnpike Optimality in Environment-Input-Output System
Assumed the initial output as[image: ], the control variable is defined as the increase of output[image: ],  [image: ]. The output at time t is state variable, [image: ], so we denote [image: ]. Then we rewrite the equations (4.1) and (4.2) into equations (4.3) and (4.4). 
[image: ]                                       (4.3)
[image: ]   We simplify the constraints (4.4) as the following equation
[image: ]    We make use of reverse algorithm to obtain the solution of dynamic IO model. Computation starts from the year T-1. Then cost function (4.3) and constraint (4.5) at time T-1 is written as 
[image: ]        (4.6)
According to the deduction which combines the cost function at time t with terminal condition[footnoteRef:3], equation (4.6) can be written [3:  We know the index function (4.3) at time T-1 as
                       (D-1)
From the terminal condition, 
								      (D-2)
 we get the index function at time T-1  as
      (D-3)
Thus the index function (4.3) and constraints at time T-1 is 
                                   (D-4)] 

 [image: ]                 (4.7)
From equations (4.7), we induce the control vector,[image: ], and  cost function at time T-1, 
[image: ]                                                              (4.8)
Here,[image: ]                                                                          (4.9)
Next, we come to the cost function and constraints at time T-2,
[image: ]          (4.10)
The equations (4.10) can be simplified, so that we can introduce control variable,[image: ], and the cost function at time T-2  in  equation (4.11) [footnoteRef:4]  [4:  The index function at time T-2 in equation (4.3) is simplified after introducing equation (4.8)as (D-5)
Hence, the index function at time T-2 and constraints in time T-2 are shown as. 
                                                                                              (D-6)
Here   and 	] 

 [image: ]                                                   (4.11)
Here [image: ]
Introducing control variable,[image: ], we come to the cost function and constraint at time T-3, and can obtain simplified version of cost function.[footnoteRef:5] [5:  The index function at time T-2 in equation (4.3) is simplified after introducing equation (4.11) as
                                         (D-7)
Let, , and,
Then                                                                               (D-8)] 

[image: ]                                 (4.12)
Here,[image: ]
[image: ][image: ],                                                                                (4.13)
From above deduced equations, we further get the model at [image: ] step. Given [image: ], the cost function and constraints at time[image: ] is shown as in the equation (4.14)[footnoteRef:6]. [6:  We can get the general version of the model at  step, the index function at time T-k. 
From the above deduction, we further know the cost function
                                   (D-9)
Hence, 
Here,
From (D-4),(D-6), (D-8) and (D-9), we can assumed the cost function at step as  
              (D-10)
Here,
When k=T-1,
From equation (4.3) we get the cost function at  step as
  (D-11)
Let , then the model at step take the version as 
] 

[image: ]Here, [image: ]
Cost function with constraints at  time [image: ]([image: ]) as format of (4.14) satisfies all models at time [image: ]. 
[image: ](4.15)
 [image: ]From equation (4.15), we determine the optimal strategy[image: ]. Given the initial output[image: ], we know the vector of output at each year, [image: ], [image: ], [image: ]. The detail format is shown in equation (4.16).
[image: ]     (4.16)
Here, [image: ]
The process of resolving solution is shown in Appendix 1.

5 Application

5.1  Data and structure coefficients in dynamic model
We take the date from the Energy-carbon-economy input-output table, shown as appendix 2. The core of environment dynamic input-output model is non-linear coefficients. We modify the direct input coefficient, capital coefficient and carbon emission coefficient. Leontief dynamic input-output model requires capital coefficient matrix, while input-output table issued by the Statistic Bureau in various countries merely reflect the capital formation vector. So the dynamic model was studied theoretically, but not applied in general (Duchin & Szyld, 1985). Some application is in Ten Raa (1986a, b) and education (Zhang, H.,2003, He, J., 2005, Fu, X.,2006). In general, input-output table issued in various countries merely reflect the capital formation as column vector. Chinese Statistic Bureau investigated the capital formation matrix in 2000, which is also fit the requirement of Leontief dynamic model. Moreover, Chen X(2005) also built input-occupied-output model, which investigate the fixed capital occupied matrix. The capital formation is flow while the fix capital is the stock. The capital formation coefficient [image: ]is the kth capital product at time t for the jth output increased at time t [image: ]. The fixed capital occupied coefficient [image: ]is the kth capital occupied at time t for the jth output at time t [image: ]. Fixed capital occupied [image: ] is the fix capital is acuminated capital, so [image: ] the capital coefficient in average. Take the occupied capital coefficient to adjust or replace capital formation coefficient, it will help to establish the dynamic model.
Because of capital formation data is available in 2000, we apply RAS method to estimate the capital formation matrix in 2002, 2005. According to the data from China Statistic Bureau, we estimate the IO table series from 1990 to 2007. Then we apply the update data into a new model to find the turnpike optimality in environment-input-output system from benchmark year 2002 and 2005. The indirect coefficient and capital coefficient are fix in this model, and the initial output and final demand is the real data from two group IO table. The first group are 2000, 2001, 2002 and 2003 input-output table; the second group are 2005, 2006, 2007 input-output table. The 2000, 2002, 2005, 2007 input-output table are obtain from the Chinese Statistics Bureau. 2001, 2003, 2004, 2006 input-output table are extended tables we compile according to combination the date from national accounting.

5.2 Turnpike Optimality in Environment-Input-Output System

We find the turnpike optimality from the environment-input-output system. Table 3 gives the adjusted output, which is compared to original output, table 4 gives the adjusted industry structure is compared to original output.

The optimal structure from 2001 to 2003 was different with the structure in 2000; and the optimal structure from 2006 to 2008 was different with the structure in 2005.
(1) We compare the turnpike lane from 2001 to 2003 and that from 2006 to 2008. Optimal structure of manufacture in 2001 (60%) is less than the actual  structure in 2001 (68%); however, optimal structure of service in 2001 (28%) is larger than the actual structure in 2001 (22%).  The optimal structure of manufacture in 2006 (66%) is less than the actual structure in 2006 (69.9%). However, the optimal structure of service in 2006 (26.7%) is larger than the actual structure in 2006(23.7%).
(2) Optimal consumption in 2001 and 2002 are 0.5 billion and 0.4 billion larger than the actual comsumption in 2001 and 2002. It means that China should increase the consumption instead of merely dependency on the investment and export. Optimal consumption in 2006 and 2007 are 0.15 billion and 1.4 billion larger than the actual comsumption in 2006 and 2007. It means that China should increase the consumption instead of merely dependency on the investment and export.
(3) Optimal total output in 2001 and 2002 are 1.3 million larger than and 0.03 billion less than the actual total output in 2001 and 2002. Optimal total output in 2006 and 2007 are 0.2 billion and 0.8 billion less than the actual total output in 2006 and 2007. The output expand less than actual output for two reasons. (1) constraint of carbon emission. (2) fix structure coefficient in the model. Moreover, 2000 investment coefficient is used to deduce the investment coefficient in 2002 and 2005. Without consider technical advanced, under the condition of decline of carbon emission, the turnpike lane will espande less than the actual economic with technology advance. If referring to the capital coefficient matrix in UK, Canada, etc. (OECD, http://www.oecd.org/ , and WIOD, http://www.wiod.org/ ), we can revise the coefficient in 2005. It will help to get the more actual simulation. It means the turnpike lane will improve the economy much better.




Tabel 3. The turnpike lane of China in the period of 2001-2003 and 2006-2008[footnoteRef:7] [7: The actual data of output by industry and consumption is from the Statistic Year book in 2001, 2002 and 2003, 2005, 2006, 2007, 2008 and the input-output table in 2000, 2002, 2005, 2007. The input-output in 2001, 2003, 2006 is the extended table.] 


	
actual data 
	2000 
	2001 
	2002 
	2003 

	agriculture 
	2644 
	2585 
	2857 
	3579 

	manufactures 
	17296 
	18891 
	19055 
	23867 

	services 
	6537 
	6221 
	9429 
	11810 

	output 
	26479 
	27697 
	31343 
	39257 

	consumption 
	3755 
	6383 
	7928 
	64532

	Growth Rate (current term) 
	5% 
	13% 
	25% 
	

	Cons./output=
	
	
	31% 
	28.9%

	adjustment 
	
	
	
	

	agriculture 
	2644 
	2697 
	2751 
	2806 

	manufactures 
	17296 
	17642 
	17995 
	18355 

	services 
	6537 
	7496 
	7645 
	10704 

	output 
	26479 
	27836 
	28393 
	31866 

	consumption 
	3755 
	11273 
	11957 
	

	Growth rate(current term) 
	5% 
	2% 
	12% 
	

	Cons/output=
	
	
	38% 
	






	actual data 
	2005 
	2006 
	2007 
	2008

	agriculture 
	39450 
	41058 
	48892 
	60010

	manufactures 
	358261 
	452105 
	535790 
	657621

	services 
	145050 
	153319 
	192385 
	236130

	output 
	542762 
	646483 
	777068
	953762

	consumption 
	107714 
	134160 
	160607 
	314045

	Growth Rate (current term) 
	
	19.1%
	20.2%
	　

	Cons./output=
	19.8%
	20.8%
	20.7%
	32.9%

	adjustment 
	
	
	
	

	agriculture 
	39450
	45368
	52173
	52225

	manufactures 
	358261
	412000
	473800
	544870

	services 
	145050
	166807
	166974
	167141

	output 
	542762
	624176
	692948
	764237

	consumption 
	
	149552
	299113 
	336392

	Growth rate (current term) 
	
	15.0% 
	11.0% 
	10.3%

	Cons/output=
	
	29.6%
	24.0%
	43.2%



Table 4: The adjusted industry structure comparing to original output[footnoteRef:8] [8:  It is the same with the former.] 


	actual data
	2000 
	2001 
	2002 
	2003 

	agriculture
	10%
	9%
	13%
	9%

	manufactures
	65%
	68%
	87%
	61%

	services
	25%
	22%
	43%
	30%

	output
	1.0 
	1.0 
	1.0 
	1.0 

	adjustment
	
	
	
	

	agriculture
	0.1 
	0.1 
	0.1 
	0.1 

	manufactures
	65%
	60%
	60%
	60%

	services
	25%
	28%
	28%
	28%

	output
	1.0 
	1.0 
	1.0 
	1.0 



	actual data
	2005 
	2006 
	2007 
	2008

	agriculture
	7.3%
	6.4%
	6.3%
	

	manufactures
	66.0%
	69.9%
	69.0%
	

	services
	26.7%
	23.7%
	24.8%
	

	output
	1.0 
	1.0 
	1.0 
	1.0 

	adjustment
	
	
	
	

	agriculture
	7.3%
	7.3%
	7.5%
	6.8%

	manufactures
	66.0%
	66.0%
	68.4%
	71.3%

	services
	26.7%
	26.7%
	24.1%
	21.9%

	output
	1.0 
	1.0 
	1.0 
	1.0 




	Adjustment
	Output
	
	
	
	Share
	
	
	
	

	
	2000
	2001
	2002
	2003
	2000
	2001
	2002
	2003
	

	
	
	
	
	
	
	
	
	
	

	AGR: Agriculture
	264482670 
	26180.6
	285787423
	368230995
	0.103 
	0.071 
	0.091 
	0.079 
	

	CMN: Coal mining
	20237523 
	3733.7
	40109089.4
	62218857.3
	0.008 
	0.010 
	0.013 
	0.013 
	

	PMN: Oil and nature gas mining
	43815759 
	3612.7
	32633054.0
	48843939.8
	0.017 
	0.010 
	0.010 
	0.010 
	

	OMN: Other mining
	16784181 
	2875.1
	30429747.6
	47028472.5
	0.007 
	0.008 
	0.010 
	0.010 
	

	FTW: Food manufacture,Textile, Wood processing and Manufacture of Articles for Culture
	381451082 
	42831.9
	411153385.4
	607021526
	0.148 
	0.116 
	0.131 
	0.130 
	

	PCN: Petroleum Processing, Coking and Nuclear Fuel Processing
	79433513 
	15043.7
	60846185.5
	106029767
	0.031 
	0.041 
	0.019 
	0.023 
	

	CPM: Chemical and Pharmaceutical and Medicine Manufacturing
	215871883 
	40364.4
	215726168.2
	384863555
	0.084 
	0.109 
	0.069 
	0.082 
	

	BNM: Building materials and non-Metallic Materials Industry
	62751301 
	11626.3
	58045337.2
	363841790
	0.024 
	0.031 
	0.019 
	0.078 
	

	MPM: Metal processing and manufacture
	157266045 
	18116.3
	213653418
	125449049
	0.061 
	0.049 
	0.068 
	0.027 
	

	MEM: Mechanic manufacture
	88751399 
	21055.2
	129973097.2
	178336351
	0.034 
	0.057 
	0.041 
	0.038 
	

	TEM: Transportation equipment manufacture
	95153272 
	17827.9
	96466982.9
	150817283
	0.037 
	0.048 
	0.031 
	0.032 
	

	EEM: electronic equipment manufacturer 
	214300521 
	24506.2
	200990025
	381279156
	0.083 
	0.066 
	0.064 
	0.082 
	

	INO: Instrumentation and other manufacturer 
	36316964 
	4579.7
	45817939.7
	74488140.1
	0.014 
	0.012 
	0.015 
	0.016 
	

	EHW: Electricity, heat power and water production and supply
	95992600 
	9836.8
	88419337.7
	187726797
	0.037 
	0.027 
	0.028 
	0.040 
	

	CON: Construction
	221570467 
	45919.4
	281326817.3
	341061353
	0.086 
	0.124 
	0.090 
	0.073 
	

	TSI: Transportation, storage, and information service 
	105707979 
	17266.1
	146064292.1
	219066866
	0.041 
	0.047 
	0.047 
	0.047 
	

	WRT: Wholesale and retail trades
	169342750 
	28593.2
	242910018.1
	271200723
	0.066 
	0.077 
	0.078 
	0.058 
	

	RFO: Real estate finance and other service
	306297920 
	36551.7
	553952698.6
	758961797
	0.119 
	0.099 
	0.177 
	0.162 
	

	
	2575527831 
	370521.0
	3134305017
	4676466418
	
	
	
	
	


Unit: Billion Yuan
	
	Actual data
	
	Adjustment

	
	2000
	2001
	2002
	2003
	2000
	2001
	2002
	2003

	AGR: Agriculture
	264.5 
	261.8 
	285.8 
	368.2 
	264.5 
	370.3 
	377.7 
	385.2 

	CMN: Coal mining
	20.2 
	37.3 
	40.1 
	62.2 
	20.2 
	20.6 
	21.1 
	21.5 

	PMN: Oil and nature gas mining
	43.8 
	36.1 
	32.6 
	48.8 
	43.8 
	44.7 
	45.6 
	46.5 

	OMN: Other mining
	16.8 
	28.8 
	30.4 
	47.0 
	16.8 
	17.1 
	17.5 
	17.8 

	FTW: Food manufacture,Textile, Wood processing and Manufacture of Articles for Culture
	381.5 
	428.3 
	411.2 
	607.0 
	381.5 
	389.1 
	396.9 
	404.8 

	PCN: Petroleum Processing, Coking and Nuclear Fuel Processing
	79.4 
	150.4 
	60.8 
	106.0 
	79.4 
	81.0 
	82.6 
	84.3 

	CPM: Chemical and Pharmaceutical and Medicine Manufacturing
	215.9 
	403.6 
	215.7 
	384.9 
	215.9 
	220.2 
	224.6 
	229.1 

	BNM: Building materials and non-Metallic Materials Industry
	62.8 
	116.3 
	58.0 
	363.8 
	62.8 
	64.0 
	65.3 
	66.6 

	MPM: Metal processing and manufacture
	157.3 
	181.2 
	213.7 
	125.4 
	157.3 
	160.4 
	163.6 
	166.9 

	MEM: Mechanic manufacture
	88.8 
	210.6 
	130.0 
	178.3 
	88.8 
	124.3 
	126.7 
	129.3 

	TEM: Transportation equipment manufacture
	95.2 
	178.3 
	96.5 
	150.8 
	95.2 
	97.1 
	99.0 
	101.0 

	EEM: electronic equipment manufacturer 
	214.3 
	245.1 
	201.0 
	381.3 
	214.3 
	300.0 
	306.0 
	312.1 

	INO: Instrumentation and other manufacturer 
	36.3 
	45.8 
	45.8 
	74.5 
	36.3 
	37.0 
	37.8 
	38.5 

	EHW: Electricity, heat power and water production and supply
	96.0 
	98.4 
	88.4 
	187.7 
	96.0 
	97.9 
	99.9 
	101.9 

	CON: Construction
	221.6 
	459.2 
	281.3 
	341.1 
	221.6 
	310.2 
	316.4 
	322.7 

	TSI: Transportation, storage, and information service 
	105.7 
	172.7 
	146.1 
	219.1 
	105.7 
	107.8 
	110.0 
	112.2 

	WRT: Wholesale and retail trades
	169.3 
	285.9 
	242.9 
	271.2 
	169.3 
	198.8 
	202.8 
	206.9 

	RFO: Real estate finance and other service
	306.3 
	365.5 
	554.0 
	759.0 
	306.3 
	428.8 
	437.4 
	446.1 

	output
	2575.5 
	3705.2 
	3134.3 
	4676.5 
	2575.5 
	3069.4 
	3130.8 
	3193.4 



	consumption 
	3755
	6383
	7928
	64532

	Growth Rate (current term) 
	5%
	13%
	25%
	　

	
	26479
	27697
	31343
	39257



6 Conclusion

This article works out the China’s potential in industry structure adjustment for carbon emission reduction. We present turnpike optimality in dynamic input-output models and give the reverse algorithm to get the turnpike Optimality of China’s industry adjustment considering carbon emission reduction target on Copenhagen Conference based on a compiled Energy-Carbon-Emission-Economy Input-Output tables and modified technology coefficients and capital formation matrixes.  It finds that the turnpike line have better economy performance. Industry structure is improved by increase in the service and decrease in manufacture. The optimal consumption and total output should increase much more than the actual data. If we modify the structure coefficient, the results will be improved.
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Appendix 1
We will resolve the solution of the following model,
[image: ]
[image: ]
As for the dynamic IO model, we can compile the matlab program to resolve the solution of the model (4.16). The method is realized through some transformation of this model.
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Equation (4.16) is rewritten as 
[image: ]

Taking [image: ] , n=3 for example, the model is shown as follows:
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Appendix 2 Tables and figures
Table A.1 Energy-carbon emission-economy input-output table[footnoteRef:9] [9:  The energy unit of value is 104 Yuan. The energy unit of volume is measured both as physic quantity and transferred standard unit. Physic quantity unit is denoted for raw coal, crude oil, Petroleum products, Coking products as ton, for natural gas, oven gas, LPG as cube meter, for hydro power and nuclear, and thermal power respectively as kW•h, heat kJ. Consistent unit, energy of various types can be measured as standard coal. The carbon dioxide unit is metric ton.] 

	output

input
	Intermediate usage
	Final usage
	Total output
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	104 Yuan
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	
	[image: ]

	
	
	


	…
	…
	
	
	
	



	
	
	



	
	
	


	…
	104 Yuan
	
	
	
	



	
	
	



	
	
	


	The third industry
	
	
	
	
	




	
	
	



	
	

	Intermediate input in total
	104  Yuan
	
	
	
	



	
	
	



	
	Value added
	Fix capital depreciation
	104  Yuan
	[image: ]
	[image: ]
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Figure A.1， Industry adjustment for carbon emission reduction, China 2007[footnoteRef:10] [10:  Industries classification refers to Table A3.] 

[image: ]
3.1 Linear programming in IO model for long term planning
Xue Fu (2012) use linear programming is used to address the optimal output structure for maximizing GDP with the constraint of carbon emission in the plan year with the assumed input-output system.  
[image: ](3.1)[image: ]
[image: ]             

From equations (1), the output of each industry and their import and export with given domestic consumption is obtained in 2008 when taking the coefficient 2007, inferring the intermediate flows, value added. More detail is shown in Fu (2012).
Forecast result

The output, value added, and elasticity by industry are forecasted by SPSS software, and the results are significant for every industry.

According to the results, the value added in 2020 is 130240.1764 billion RMB at variable price, 5.090 times of that in 2007, which means value added grow 13.3 % per year.  In constant price, value added reach 7530.0745 billion RMB at 2007 price, 3.175 time of that in 2007, which means it grow 9.3% per year. 
Output in 2020 is 446319.858 billion RMB at variable price, 6.15 times of that in 2007. It means the annual growth rate 15% in average.

Elasticity here means the carbon emission per output, not carbon emission per value added as other literature shows. The forecast result of elasticity is 0.085 thousand Yuan per ton in 2020, 30% of that in 2007.



	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	Total
industry
	Manufacture

	2007
	48838.11 
	29180.90 
	69196.87 
	21074.56 
	61998.09 
	22804.37 
	78801.45 
	104829.17 
	33773.10 
	62721.74 
	32430.87 
	43647.98 
	116306.27 
	725603.48 
	421658.52 

	2020
	73218.94 
	178415.66 
	112574.26 
	241889.82 
	424994.58 
	77321.91 
	447967.18 
	625593.10 
	376168.36 
	380748.62 
	254135.61 
	226218.68 
	1162817.43 
	4463198.58 
	3368055.19 

	growth rate in 2020 comparing to 2007
	1.50 
	6.11 
	1.63 
	11.48 
	6.85 
	3.39 
	5.68 
	29.68 
	12.89 
	18.07 
	7.84 
	5.18 
	10.00 
	6.15 
	48.67 

	growth rate per year
	1.03 
	1.15 
	1.04 
	1.21 
	1.16 
	1.10 
	1.14 
	1.30 
	1.22 
	1.25 
	1.17 
	1.13 
	1.19 
	1.15 
	1.35 

	growth rate in 2007 comparing to 1991
	6.00 
	15.31 
	6.90 
	31.06 
	15.10 
	11.93 
	22.19 
	15.19 
	30.23 
	16.87 
	14.51 
	9.01 
	18.81 
	13.12 
	13.96 

	growth rate per year
	1.12 
	1.19 
	1.13 
	1.24 
	1.18 
	1.17 
	1.21 
	1.19 
	1.24 
	1.19 
	1.18 
	1.15 
	1.20 
	1.17 
	1.18 




Value added
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	Total 
industry
	industry at constant price of 2007
	Total Manufacture

	2007
	28659.17
	13799.79
	15116.27
	3752.11
	12592.82
	6264.53
	15615.68
	33082.21
	9579.96
	14513.45
	14982.86
	22899.16
	65007.34
	255865.358 
	237892.761 
	109803.375 

	2020
	37032.75
	92780.35
	26702.97
	25465.74
	65761.00
	16483.07
	71897.02
	213835.09
	108106.41
	75150.94
	90475.26
	120687.57
	614486.19
	1302401.764 
	755300.745 
	616413.490 

	growth rate in 2020 comparing to 2007
	1.292 
	6.723 
	1.935 
	6.787 
	5.222 
	2.631 
	4.604 
	6.464 
	11.285 
	5.178 
	6.039 
	5.270 
	9.453 
	5.090 
	3.175 
	5.614 

	growth rate per year
	1.020 
	1.158 
	1.052 
	1.159 
	1.136 
	1.077 
	1.125 
	1.154 
	1.205 
	1.135 
	1.148 
	1.136 
	1.189 
	1.133 
	1.093 
	1.142 

	growth rate in 2007 comparing to 1991
	5.419 
	18.747 
	6.085 
	20.855 
	11.277 
	10.167 
	17.590 
	17.487 
	23.773 
	13.141 
	11.967 
	10.314 
	19.789 
	11.920 
	5.062 
	13.205 

	growth rate per year
	1.111 
	1.201 
	1.119 
	1.209 
	1.163 
	1.156 
	1.196 
	1.196 
	1.219 
	1.175 
	1.168 
	1.157 
	1.205 
	1.168 
	1.107 
	1.175 

	value added rate in 2020
	0.506 
	0.520 
	0.237 
	0.105 
	0.155 
	0.213 
	0.160 
	0.342 
	0.287 
	0.197 
	0.356 
	0.533 
	0.528 
	0.292 
	
	0.183 

	value added rate in 2007
	0.587 
	0.473 
	0.218 
	0.178 
	0.203 
	0.275 
	0.198 
	0.316 
	0.284 
	0.231 
	0.462 
	0.525 
	0.559 
	0.353 
	
	0.260 




elasticity
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	total

	2007
	0.0879 
	0.2997 
	0.1774 
	0.3431 
	0.3593 
	0.5750 
	0.5685 
	0.0791 
	0.2726 
	0.0422 
	0.3968 
	0.1245 
	0.1759 
	0.0290 

	2020
	0.0388
	0.0983
	0.0502
	0.1613
	0.1582
	0.232
	0.2586
	0.022
	0.1702
	0.0146
	0.1623
	0.05
	0.0433
	0.0085

	decline rate
	0.4411
	0.3279
	0.2833
	0.4703
	0.4401
	0.4035
	0.4549
	0.2785
	0.6242
	0.3471
	0.409
	0.4017
	0.2462
	0.2937






Carbon intensity forecast

Forecast the carbon intensity by industry in 2020:

										
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13

	China in
2020
	Agriculture
	Mining
	Food, textile, paper and furniture
	Petrol processing and Coking

	chemical and pharmacy
	building industry and non-metal mineral
	metal processing and manufacture
	mechanism, electronic equipment
	electricity, heat power and water supplying
	construction
	transportation, post and storage
	business and catering
	finance, real estate and other service

	China in 2020 (ton/ 1oooo RMB)
	0.0434 
	0.0306 
	0.0072 
	0.0406 
	0.0161 
	0.0208 
	0.0241 
	0.0053 
	0.0627 
	0.0094 
	0.0434 
	0.0306 
	0.0072 

	China in 
2007
	0.08777 
	0.29970 
	0.17738 
	0.34306 
	0.35935 
	0.57503 
	0.56845 
	0.05307 
	0.27261 
	0.04220 
	0.39681 
	0.09247 
	0.06601 

	UK in 
2008(ton/ 1000 pound=ton/ 10000 RMB)
	0.250989

	0.143318

	0.302688

	0.604104

	0.663864

	1.356493

	2.218040

	0.041796

	7.215972

	0.045814

	0.232927

	0.051118

	0.011365





Regression results:
1.Agriculture
Compound：Y = (9.439*10^(94))*0.896^T (R^2   0.834, F  75.223)
2.Mining 
Compound：Y =(8.735*10^(136))*0.854^T (R^2   0.896, F  128.856)
3. Food, textile, paper and furniture
Compound：Y = (9.667*10^(173))*0.818^T (R^2   0.825, F  70.764)
4. Petrol processing and Coking
Growth：（Y = e(974.86-0.488*t)）(R^2  0.859, F  54.796)
5   chemical and pharmacy 
Compound：Y = (9.329*10^(300))*0.706^T (R^2  0.802,  F  60.871)
6  building industry and non-metal mineral
Compound：Y =2.73*10^(122)*(0.868)^t (R^2  0.529,  F 16.828)
7  metal processing and manufacture
Compound：Y =(5.457*10^(257))*0.743^T (R^2  0.799,  F  59.617)
8  mechanism, electronic equipment
S curve（Y = e(-718.630+(1.434*10^6)/t)）；  (R^2  0.889,  F  120.640)
9  electricity, heat power and water supplying
Compound：（Y = (1.179*10^(219))*0.777^T）(R^2  0.886,  F 116.214)
10  construction
Compound：（Y = (6.317*10^(173))*0.818^T） (R^2  0.841,  F79.612)
11  transportation, post and storage
Compound：（Y  = 9.437*10^(92)*0.898^t）(R^2  0.78,  F 53.149)
12  business and catering
Compound：（Y = (1.262*10^(94))*0.896^T）(R^2  0.685,  F32.653)
13  finance, real estate and other service
Compound：（Y= (6.025*10^(107))*0.883^T）(R^2  0.874,  F 104.215)


Table A.2 Inferred IO table in 2006 after structure adjustment (GDP increase by 114.3%)[footnoteRef:11] [11:  Unit is billion CNY, Structure adjustment according to 2005 IO table. Industries classification refers to Table A3.] 

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15

	1
	729
	8
	1091
	220
	176
	1
	113
	1
	1
	2
	1
	248
	38
	222
	33

	2
	20
	63
	14
	9
	24
	720
	173
	114
	354
	49
	326
	70
	23
	11
	63

	3
	324
	0
	481
	33
	3
	0
	35
	0
	0
	0
	0
	3
	8
	337
	61

	4
	4
	8
	6
	730
	92
	1
	20
	9
	7
	29
	4
	12
	15
	34
	178

	5
	22
	15
	64
	27
	624
	3
	55
	47
	130
	114
	6
	110
	62
	112
	415

	6
	49
	53
	9
	8
	27
	51
	123
	44
	99
	46
	84
	65
	464
	66
	92

	7
	307
	56
	95
	192
	267
	15
	1159
	75
	58
	517
	14
	116
	39
	69
	545

	8
	14
	18
	18
	4
	15
	3
	19
	100
	54
	110
	4
	643
	5
	8
	45

	9
	17
	71
	26
	9
	115
	8
	50
	62
	1070
	1054
	14
	524
	28
	13
	81

	10
	54
	109
	24
	34
	71
	21
	70
	54
	100
	2358
	175
	219
	534
	216
	681

	11
	51
	142
	34
	36
	64
	27
	181
	93
	167
	116
	113
	51
	80
	112
	168

	12
	9
	3
	1
	1
	3
	0
	2
	1
	2
	4
	2
	5
	53
	47
	270

	13
	108
	76
	95
	62
	119
	45
	120
	71
	144
	263
	60
	264
	405
	189
	499

	14
	102
	42
	119
	85
	140
	26
	102
	57
	96
	261
	56
	133
	120
	194
	524

	15
	114
	74
	110
	83
	86
	21
	108
	57
	70
	265
	77
	127
	225
	417
	957

	Value added
	2727
	643
	870
	457
	756
	228
	667
	305
	631
	1352
	503
	890
	1696
	1984
	4757

	Output
	4651
	1380
	3058
	1991
	2581
	1169
	2997
	1089
	2983
	6541
	1439
	3481
	3795
	4028
	9370

	industry structure
	9%
	3%
	6%
	4%
	5%
	2%
	6%
	2%
	6%
	13%
	3%
	7%
	8%
	8%
	19%

	change
	2%
	-1%
	1%
	-1%
	1%
	0%
	-1%
	-1%
	-2%
	-4%
	-1%
	-1%
	1%
	2%
	4%



Figure A.2 Carbon emission change in 2006 after structure adjustment (CO2 increase by 101.9%)[footnoteRef:12] [12:  Industries classification refers to Table A3.] 

[image: ]
Table A.3: Classification of industry in IO table
	1
	AGR: Agriculture
	9
	MPM: Metal processing and manufacture

	2
	MIN: Mining
	10
	MEM: Mechanic, electronic equipment and other manufacturer 

	3
	FTM: Food manufacture and tobacco processing
	11
	EHW: Electricity, heat power and water production and supply

	4
	TWA: Textile, Wearing Apparel
	12
	CON: Construction

	5
	WAE: Wood processing and Manufacture of Articles for Culture, Education and Sport Activities 
	13
	TSI: Transportation, storage, and information service 

	6
	PCN: Petroleum Processing, Coking and Nuclear Fuel Processing
	14
	WRT: Wholesale and retail trades

	7
	CPM: Chemical and Pharmaceutical and Medicine Manufacturing
	15
	RFO: Real estate finance and other service

	8
	BNM: Building materials and non-Metallic Materials Industry
	
	

	Energy industry: (2), (6), (11)
	Non energy industry: (1), (3), (4), (5), (7), (8), (9), (10), (12), (13), (14), (15)




Figure A. 3 Share of carbon emission by industry
[image: ]

Table A.4 Potential adjustment of industrial structure and reduction of carbon emissions[footnoteRef:13] [13:  The carbon emission increases by =1.4 million ton carbon dioxide (carbon emission intensity decrease 6.35% per year). is the ratio of industry to total output.  means the change in the amount of carbon emission. Positive (+) means increase, and minus (-) means decrease. Computation from optimal input-output table based on 2005 ECEIO table.] 

	Industry
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	Industry
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	Industry
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	[image: ]

	1
	-0.39%
	-8.70%
	16
	0.04%
	33.75%
	31
	-0.61%
	-19.75%

	2
	0.07%
	33.75%
	17
	0.20%
	33.75%
	32
	0.14%
	33.75%

	3
	0.01%
	33.75%
	18
	0.09%
	33.75%
	33
	0.21%
	33.75%

	4
	0.04%
	33.75%
	19
	0.06%
	33.75%
	34
	0.11%
	33.75%

	5
	-0.98%
	-19.75%
	20
	0.08%
	33.75%
	35
	0.23%
	33.75%

	6
	0.14%
	33.75%
	21
	-0.38%
	-19.75%
	36
	0.21%
	33.75%

	7
	-0.09%
	-19.75%
	22
	0.04%
	33.75%
	37
	0.36%
	33.75%

	8
	-0.02%
	-19.75%
	23
	0.03%
	33.75%
	38
	0.05%
	33.75%

	9
	-0.05%
	-19.75%
	24
	-0.53%
	-19.75%
	39
	0.06%
	33.75%

	10
	0.51%
	33.75%
	25
	-0.19%
	-19.75%
	40
	0.01%
	33.75%

	11
	0.02%
	33.75%
	26
	-0.18%
	-18.76%
	41
	0.55%
	33.75%

	12
	0.02%
	33.75%
	27
	0.11%
	33.75%
	42
	0.32%
	33.75%

	13
	0.03%
	33.75%
	28
	0.23%
	33.75%
	43
	0.44%
	33.75%

	14
	0.24%
	33.75%
	29
	-1.01%
	-19.75%
	44
	1.15%
	33.75%

	15
	0.05%
	33.75%
	30
	-1.45%
	-19.75%
	
	
	


 

Table A.5 The detailed industries of 2005 ECEIO table
	　
	Energy Industry
	　
	Non-energy Industry
	　
	Non-energy Industry

	1
	Mining and Washing of Coal
	10
	Agriculture
	29
	Manufacture of Non-metallic Mineral Products

	
	Raw Coal (104 ton/104 ton standard coal)
	11
	Mining and Processing of Ferrous Metal Ores
	30
	Smelting and Pressing of Ferrous Metals

	2
	Extraction of Petroleum
	12
	Mining and Processing of Non-Ferrous Metal Ores
	31
	Smelting and Pressing of Non-ferrous Metals

	
	Crude Oil (104 ton/104 ton standard coal)
	13
	Mining and Processing of Nonmetal Ores and Mining of Other Ores
	32
	Manufacture of Metal Products

	3
	Extraction of Natural Gas
	14
	Manufacture of Foods
	33
	Manufacture of General Purpose Machinery

	
	Nature Gas (108 Cu. M3/104 ton standard coal)
	15
	Manufacture of  Beverages
	34
	Manufacture of Special Purpose Machinery

	4
	Production and Distribution of Hydro Power and Nuclear Power
	16
	Manufacture of Tobacco
	35
	Manufacture of  Transport Equipment

	
	Hydro Power and Nuclear Power (108 kW•h/ 104 ton stand coal)
	17
	Manufacture of  Textile
	36
	Manufacture of Electrical Machinery and Equipment

	5
	Production and Distribution of Thermal Power
	18
	Manufacture of Textile Wearing Apparel, Footware, and Caps
	37
	Manufacture of Communication Equipment, Computers and Other Electronic Equipment

	
	Thermal Power (108 kW•h/ 104 ton stand coal)
	19
	Manufacture of  Leather, Fur, Feather and Related Products
	38
	Manufacture of Measuring Instruments and Machinery for Cultural Activity and Office Work   

	6
	Processing of Petroleum
	20
	Processing of Timber, Manufacture of Wood, Bamboo, Rattan, Palm, and Straw Products and Manufacture of Furniture
	39
	Other Manufacturing

	
	Petroleum Product(104 ton/104 ton standard coal)
	21
	Manufacture of  Paper and Paper Products
	40
	Production and Distribution of  Water

	7
	Coking
	22
	Printing, Reproduction of Recording Media
	41
	Construction

	
	Coking Products(104 ton/104 ton standard coal)
	23
	Manufacture of Articles For Culture, Education and Sport Activity
	42
	Transportation, storage, Storage and Post

	8
	Production and Distribution of Heat Power
	24
	Manufacture of Raw Chemical Materials and Chemical Products
	43
	wholesale and retail trades

	
	Heat (104 million KJ/104 ton standard coal)
	25
	Manufacture of Medicines
	44
	Real estate finance and other service

	9
	Production and Distribution of Gas
	26
	Manufacture of Chemical Fibers
	45
	Rural households

	
	Gas (108 Cu. M3/104 ton standard coal)
	27
	Manufacture of Rubber
	46
	Urban households

	
	
	28
	Manufacture of Plastics
	
	





image74.png




image75.png




image76.png
I'—1




image77.png




image78.png
fr i [x(T —k)|=max{(k + D)o [(I - AT - k))x(T —k)+oTk(I — A(T —k)— B(T — k)Ju(T - k)+ Zf 1}

st ST@Ou(®)<b), t=T —k,...T-1, k=T-1 (4.14)




image79.png
fri = 0'Tk(I = A(T = k)) = B(T = k)Ju(T — k)




image80.png
r—k,...,T-1




image81.png
Ji [X(T = k)] = max{(k + D)o T(/ = AD))x(1) + oTk( = A1) = B(DJu(D) + Z_:fi*]}

i=T—k+1

st.  STOu)<b{t), t=T—k,.,T-1




image82.png




image83.png
OOOOO




image3.png
Ax(@®)]=max{e'[(I — Ax(t) — Bu(®)]+ f,,[x@) +u(@®)]}
Hx(N)] =€l — A)x(N)
a(k) < u(k) < b(k)




image84.png
.....

x(T'—1),x(T)




image85.png
x(k+1) =x(k)+u(k)=x1)+ul)+...,+u(k)




image86.png




image87.png
Sy [x(D)] = max{To'[(/ = AL)x() + o' [(T =1)(J — A1) = BD)u(1) + Zf,-*]}

s.L.

i=T-k+1

AMxD) + B2u(l) + v, (D + p(1) —m(1) < x(1)

AD(x(1) Zu(i)) B(t+Du(t)+7, (£)+ p(t) m(t)Sx(l)+Zu(i)

T )+ Y ult) + e, (1) < TC()
u' (1) <u(t) <u"(r)

()< p(t) < p" (1)

m' () < m(t) <m" (1)

t=T-k,.,T-1.k=T-1

ceey




image88.png
fr, =0Tk(I— AT =1))—B(T - Duw(T =1),l =1

ooooo




image89.png
kit




image90.png
k]t ﬁ]t /(xt+1 xt )




image91.png
kit




image92.png




image93.png




image4.png




image5.png
J1x(#)] = max{pBx(T)}
t (I —A+B)x(t)+ Bx(t+1)>0
B x(t) >0




image6.png
J1x(#)] = max u
(I-A+B)x(t)+Bx(t+1)>0

sts(l— A+ B)x(t)+ ux(t) >0
x(t) >0




image7.png
FIx($)] = max ZT: S 'U(c(t)]

(A+B)x(t)+Bx(t+1)=C()=0
st lx(t) < L(1)

x(1)=0
where c(t) = C(t)/ L(t)




image94.png
Ji [X(T = k)] = max{(k + D)o T(/ = AD))x(1) + oTk(I — A1) = BDJu(1) + Z_:fi*]}

i=T—k+1

st.  STOu)<b{t), t=T—k,.,T-1




image95.png
=[x P @)
Yo=le P m)]
G (1) = o'Tk(I - A(1) - B(1)],
G(H=[G() 0 0]
H()=[B(r) T -1]
Q) =[-1-A@) 0 0]
@ (1) = (1- A()x(1) - y(0)
n(=[7 ® 0 0]





image96.png
fi=max[GD) G2 O GO0 =22 0O z(T)]'

[HO) o 0 0o I x @)

Q2 HZ [ 0 |z®| =@

o 0 a0 0 a0 a0

Q@) 0 Q@) HD|| x| (=)

[7@y o O o JTx® ICW=c,M—c MHxQ)
A2 A2 0 0 | 2@ | TC@=¢,)=cl (D)
a0 oo o O a0

LAy ATy O 7@ x@)] |TC(M=c, (T)~c; (Tx)

input - output arrays

CO, constraints

wo oo 0 oJxo] [0
-p'W W] Oz < p'z) low bound

o 0 of o] O

[-P'W 0 -p'W WD [p20)

-wWo o0 0 ofxm] [-pz

PW W I O x| _|-p20
] . . ] < q up bound

PW O p"W W | (D] |-p‘z0)





image8.wmf
1

(())()()()

T

t

IAtxtBtxt

=

--D

å


image97.png




image98.png
£ =max[GA) 0 0 G@) 0 0 GB) 0 0fu®) p() m() u@) p2) m@) uB) pG3) m3)]




image99.png
Ba) I -1 0 00 0 0 0
—d-AQ@) 0 0 B2) I -1 0 0 0
—I-AG) 0 0 —d-AG) 0 0 BB I -1
w00 0 o0 0o 0 0
@ 00 i@ 00 0o 0 0
PG 00 T3 00 P30 0
I 0 0 0 00 0 0 0
I 0 0 0 o0 0 0 0 (T— AW -3
I 00 0 00 0 0 0|, I- Ak -y,
-PT g g 1 00 0 0 0| A= AB) =,
Y B I 00 0 0 0|m TTCC((zl))’:y((zl;’ ; Elz);x((li)
41 00 I 00 0 0 0|, T
1 1 TCG)-e,(3)-1' (3)(3)
-PT g0 Pl o 0 1 0 0|PD|= o'z
Y S I T 0 0 1 0 o|mD o'z
v 0 _ypo0 0 1 0 o |uD o'z
S 0 o0 o o 0o|P® _pta)
-1 0 0 0 00 o o o|™3)] )
-1 0 0 0 00 0 0 0 —p'z(l)
Pl 0 0 -1 o0 0 0 0
Pl 0 0 -1 00 0 0 0
21 0 0 -1 00 0 0 0
Pl 0 0 Pl 00 -1 0 0
Pl 0 0 p'1 00 -1 0 0
o1 0 0 21 00 -1 0 0





image100.png




image101.png




image102.png
— s M~ o

.




image103.png




image104.png




image105.png




image106.png




oleObject1.bin

image107.png
FNE




image108.png
FNN




image109.png




image110.png




image111.png




image112.png




image113.png
CO2 intensity (ton/10,000yuan) Share of value added to output

15 jmm 15
! 1
13 s 13 j—
i ]
11 = 11—
_f— —
9 —— 9 ——
_f— i —
7 ,-_ 7 :_
i —
5  — 5 :-
_— T
&= s =
—
1 2 ! ! ! 1 7_ T T T 1
0 2 4 6 0%  10% 20%  30%  40%

1AGR 2MIN 3FTM 4TWA 5WAE 6PCN 7CPM S8ENM 9MPM 10EHM 11 EHW 12CON 13 TSl 14 WRT 15 RFO




image114.png
max (I — A4).X

S.z.

AX +Y + U — M < X
C, X +C, =r<7C,
X' =Xx <X

U'=U <U"

M <M < M"




image115.png




image116.png
Maximium of GDP
Input - output balance constraints
Emission reduction targets constraints
s.t5 the upper and lower bounds of output
the upper and lower bounds of export

the upper and lower bounds of import




image9.wmf
()()

BTxT

D


image117.png
140000 -~

w CO2 fd
120000 - - 15RFO
14 WRT
100000 | 13T
# 12 CON
80000 u11EHW
10 EHM
60000 - w9 MPM
m8ENM
40000 u7CPM
6 PCN
20000 5 WAE
mATWA
0- m3FTM

2005 2006
Unit: CO2 ton




image118.png
29 Manufacture 30 Smelting and
of Non-metallic Pressing of

Mineral Ferrous Metals
Products

24 Manufacture of
Raw Chemical
Materials and

Chemical Products

WoJj 70d  Wodj 702

100.00%

40.00% 80.00%

60.00%

5 Production
and Distribution Processing

of Thermal of
Power Petroleum

Petroleum
Product





image119.png
AS




image120.png
AC, | CT] O




image121.png
AS




oleObject2.bin

image10.wmf
1

 

 

 

 

 

 

 

1

11

[(())()()()][(())()]

T

t

outputofT

consumptionaccumulatedfromtoT

IAtxtBtxtIATxT

-

=

-

--D+-

å

1442443

1444442444443


oleObject3.bin

image11.wmf
[()]()()

TT

fxToIAxT

¢

=-


oleObject4.bin

image12.wmf
T

o

¢


oleObject5.bin

image13.wmf
1

[()]max{[(())()()()][()()]}

t

tt

fxtoIAtxtBtxtfxtxt

+

¢

=--D++D


oleObject6.bin

oleObject7.bin

image14.wmf
..

()()(1)((1)())()()

()()(1)((1)())()()

[()]()()

()()()

1,...,

T

lu

st

AtxtBtxtxtytxt

ATxTBTxTxtyTxT

fxToIAxT

xtxtxt

tT

+++-+£

ì

ï

+++-+£

ï

ï

¢

=-

í

ï

££

ï

ï

=

î


oleObject8.bin

image15.wmf
()()()()

c

ytytptmt

=+-


oleObject9.bin

image16.wmf
()

c

yt


oleObject10.bin

image17.wmf
()

pt


oleObject11.bin

image18.wmf
()

mt


oleObject12.bin

image19.wmf
()

c

it

¢

%


oleObject13.bin

image20.wmf
()

s

it

¢

%


oleObject14.bin

image21.wmf
()

n

it

¢

%


oleObject15.bin

image22.wmf
()()()()

()()()()

()()()()

cy

sy

ny

itxtctTCt

itxtstTSt

itxtntTNt

¢

ì

+£

ï

ï

¢

+£

í

ï

¢

+£

ï

î

%

%

%


oleObject16.bin

image23.wmf
)]}

(

)

(

[

)]

(

)

(

)

(

))

(

[(

max{

)]

(

[

1

t

u

t

x

f

t

u

t

B

t

x

t

A

I

o

t

x

f

t

t

+

+

-

-

¢

=

+


oleObject17.bin

image24.wmf
ï

ï

ï

ï

ï

ï

î

ï

ï

ï

ï

ï

ï

í

ì

=

£

£

£

£

£

£

£

+

¢

-

¢

=

£

-

+

+

-

+

+

+

£

-

+

+

-

+

+

+

T

t

t

m

t

m

t

m

t

p

t

p

t

p

t

x

t

x

t

x

t

TC

t

c

t

x

t

i

T

x

A

I

o

T

x

f

T

x

T

m

T

p

T

y

t

x

T

x

T

B

T

x

T

A

t

x

t

m

t

p

t

y

t

x

t

x

t

B

t

x

t

A

t

s

u

l

u

l

u

l

y

c

T

c

c

,...,

1

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

~

)

(

)

(

)]

(

[

)

(

)

(

)

(

)

(

))

(

)

1

(

)(

1

(

)

(

)

(

)

(

)

(

)

(

)

(

))

(

)

1

(

)(

1

(

)

(

)

(

.

.


oleObject18.bin

image25.png




image26.png




image27.png




image28.png




image29.png




image30.png




image31.png




image32.png




image33.png




image34.png




image35.png




image36.png




image37.png




image38.png
x(2)=x(t—1)+u(?)




image39.png
u(t)




image40.png
v




image41.png
c, =1C, /GDP




image42.png
 TC,;/GDP,, -~ TC, / GDP,

Ac;
1C, / GDP,

x 100% e (—=40%,—45%)




image43.png
1

7’:1_(1_7/15)E




image44.png
y € (6.76%,5.93%)




image45.png
y, =1-(1-y)'




image46.png
¥ €(9.7%,11.3%)




image47.png
yl — 1 —_ 115/(1 — 45%) — 593%




image48.png
v =1-13(1—40%) = 6.76%




image49.png
3

y! =1-(1-40%)"5 =9.712%




image50.png
3

y!' =1—-(1-45%)5 =11.2696%




image51.png
Ac,
TC(1)/ GDP(Q)

x100% e (1-(1-y") 1-1=y")")




image52.png




image53.png
GDP(t)

TCW) = (=y TC) £





image1.png
AN

\rlat r
an
forest

CO2
GHG NO

CHa
Industry structure
Investment structure
consumption
International trade
government

Rationalize the initial
structure (as

C dity 2
energy @ emmodty { ‘ Von-NormanRayJ

‘ Leontief trajectory \

/\ Adjust toward the
aimed structure

environment

faim |
7

ximum capital at terminal term

on-Norman ]—» Maximum growth rate

Consumption

economy

Turnpike

Maximum consumption
accumulated over planning
period

Initial term

>
Planning period  Terminal term Commodity 1




image54.png
x(1)




image55.png
u(t) =x(t) —x(t+1)




image56.png




image57.png
x(t) = x(1)+ Zt:u(k)




image58.png
SIx(@)] = max{p'[({ — A(#))x(t) - B()u(®)]+ f,..[x(®) +u(®)]}




image59.png
~

ADxD+BQu)+y, (D +e 1) —m() < x(D)

ADCD+ Y ul) + B +Du@ +Y, )+ p() —m(@) < x(D)+ > u(k)

Jr[x(D] = p'I = AT x(T')

AT + Zt:u(t) +c,(H<TC(T)

w' () <u® <u“()
e(N<e,(n<e®
m @ <m) <m* (1)

,,,,,,

(4.4




image60.png
" {ST(r)u(t) <b(t), t=1,..,T (45)

Jr[x(M)]=0'(I = AT)NX(T)




image61.png
Jra[x(T =1D] = max{o[({ - A@)x(T - 1) = B@Ou(T —= D]+ f; [x(T - D +u(T -]}
{ST(T —Du(T-1)<HT-1)
s (D] = o' = A(T)x(T)




image62.png
£ [X(T = 1)] = max {20"[(I - AT - D)x(T =)+ 0'(I - AT -1) - BE)u(T -]}
st.  STMu@)<b{t), t=T—k, k=1




image63.png
u (T -1)




image2.png
Theoretical development pplication development\

SDA (Proops,1998
MRIO(Peters et al.,2009, Tarancén et al,2010) Trade
Wiedmann et al..2008 others

Interregional Input-output Input-output

model(He and Duchin, 2009 ' model(Leontief, 1936) Demography(Stone, 1970)
Xia(2010), Lopez-Morales &
Duchin(2011

Duchin &Szyld
Szyld(1985

Hua (1984)

Linear programming

Dynamic Input-output
model (Leontief,1970)

Dynamic
inverse method
Tiu (1998,

nitial input
2009

Zhang(2001), Na(2006) 2005)

Environment (Leontief, 1970,
Miller & Blair, 1985)

Wood and
Lenzen, 2009)

Rose (1996)

Ten Raa (1986)

He (2005), Xie (2006)

Dynamic programming

Tsukui (1979 ' Turnpike theorem

alance growt r Capital ﬂsumptlon 5
ccumulatlon max. accumulatlon max.
Von Neumann
model(McKenzie, 1963 2012)

Leontief model Remesey model
Dorfman et al. 1949 (Samuelson, 1965)





image64.png
fralx(T =1D]=20"T - AT -D))x(T -1+ f7_,}




image65.png
fr,=0'(I-AT-1)—B(T -)u(T 1)




image66.png
Jro[X(T = 2)] = max{o'[({ — A)x(T - 2) — Bu(T —2) + f,,[x(T = 2) +w(T - 2)]}
st ST@u()<b@t), t=T-2,T -1,




image67.png
u (T —2)




image68.png
froa[X(T = 2)] = max {30'[(I = A)X(T = 2)+ fr_, + [ 1}
stost. ST(@Ou(t)<b(t), t=T-2,T 1




image69.png
fr-n =0T2(I = A(T —2))— B(T = 2)Ju(T - 2)




image70.png




image71.png
[, [x(T =3)]=max{4o'(I — AT =3)x(T =3)+ frs + fr + fr)
st.  STOu@)<b(), t=T-3,T-2,T -1




image72.png




image73.png
fr3 =03 = AT =3)) = B(T = 3)[u(T - 3)




