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Abstract. 
This study examines the macroeconomic effects of investment policies aimed at extending the life of expressways in Japan based on a stochastic Ramsey model. The results of numerical analysis suggest that the benefits of life-extension investment in expressways can be increased by raising the level of maintenance intensity of expressways. The benefits of life-extension investment in expressways can be decomposed into the stock effect and the smoothing effect. Decomposition of life-extension benefits shows that the contribution of the stock effect is more than 90 percent, while that of the smoothing effect is less than 10 percent. The implementation of life-extension investment policies regarding expressways offers advantages in terms of reducing economic fluctuations and user charges. In addition, if relative risk aversion is high, efficiency is low and intergenerational equity is high. Furthermore, a higher level of technology leads to greater efficiency and intergenerational equity.



1. Introduction
Japan has one of the most highly developed multimodal transport systems in the world, made possible by the successful construction of an extensive expressway network [1]. Expressways constitute an essential logistics element in the Japanese economy and play a prominent role in influencing macroeconomic performance. However, aging expressway infrastructure has become a serious problem in recent years. With governments facing financial difficulties, the maintenance and renewal of expressway infrastructure are a significant issue. In this context, the purpose of this study is to evaluate investment policies to extend the life of expressways in Japan.
There are some earlier studies regarding the economic impact of maintenance and renewal of infrastructure in Japan. For example, [2] estimated the required renewal cost from 2013 to 2040 (fiscal years) and examined the effect of the suppression of new investment on the life expectancy of existing expressways. Based on the analytical results of [2], if we can decrease total infrastructure through city intensification, such as by building more compact cities, it will be possible to reduce future renewal costs without reducing living standards. Paper [3] analyzed the effect of investment policies aimed at extending the life of economy-wide infrastructure in Japan and found that the decrease in life-cycle costs resulting from life-extension investment increases the resources available for consumption and investment. Recent studies of the relationship between efficiency and intergenerational equity regarding road charging systems include that of [4]. Applying the generational accounting technique of [5], [4] concluded that management of roads based on a long-term social marginal cost pricing system has a favorable effect on intergenerational equity.
Note that [2] did not analyze intergenerational equity in terms of the cost burden. Paper [3] failed to find a clear relationship between efficiency and intergenerational equity associated with a life-extension investment policy on economy-wide infrastructure. Although [4] discussed the relationship between efficiency and intergenerational equity, [4] did not focus on a life-extension investment policy for expressways, but rather on road construction to optimize capacity. In addition, the model of [4] is essentially a static framework.
To our knowledge, there has been a lack of dynamic modeling approaches to investigating the macroeconomic effects of life-extension investment policies on various types of infrastructure. When we discuss a life-extension investment policy, it is not sufficient to only analyze the benefits of extending the life of the infrastructure. It is also important to consider the issues of total expenditure on infrastructure, user charges, efficiency, and intergenerational equity. However, previous studies have treated the above-mentioned issues separately and hence have failed to analyze the linkage with life-extension investment policies. Unlike earlier studies, we consider issues related to decomposing the benefits of life-extension investment policies for expressways, the dynamics of total expenditure on expressway infrastructure and user charges, and the relationship between efficiency and intergenerational equity. A key contribution of this study is the presentation of qualitative and quantitative effects of life-extension investment policies on expressways in Japan within the context of macroeconomic dynamics. There is no existing literature analyzing the macroeconomic effects of life-extension investment policies on expressways in Japan. Thus, this study is of particular interest to policy-makers and expressway-related companies, because Japan is now confronted with aging expressway infrastructure. Policy evaluation based on modeling of macroeconomic dynamics has been increasingly emphasized in recent years. Our dynamic modeling approach is useful as a tool for verification of policies and forecasting of effects. This is the methodological contribution of this study.
The role of infrastructure in macroeconomic performance has been studied in the context of various models of economic growth, beginning with [6]. Many conventional studies focused on the common issue: How does infrastructure investment influence economic growth and welfare? There are three types of models regarding the impact on growth and welfare performance of infrastructure development. The first type treats public expenditure as a flow [7–9]. The second type starts with the idea that as long as productive public expenditure is intended to develop infrastructure, it should be represented as stock, rather than as a flow [10–12]. The third type considers both the role of public expenditure as a flow and that of public capital as stock underpinning economic growth [13–15]. In conventional studies, however, the importance of maintenance has been less evident from the perspective of economic growth models. Since the 2000s, several attempts to develop economic growth models incorporating maintenance of infrastructure have been seen [16–19].
This study is also in line with [16–19] in emphasizing the role of maintenance in infrastructure development. We construct a stochastic Ramsey model for analyzing life-extension investment policies for expressways, mainly based on [3, 4]. A notable feature of our model is that a technology parameter is incorporated into the model to enable a better understanding of the relationship between efficiency and intergenerational equity. In addition, we apply Markov vintage modeling for the accumulation of expressway stock. Thereby, we can analyze the complicated movement of total expenditure on expressways and user charges. In our numerical analysis, we focus on two cases illustrating the intensity of maintenance of expressways (the ratio of expenditure on expressway maintenance to the total amount of expressway stock) to analyze a life-extension policy. In the first case, the expressway stock reaches its serviceability limit after 50 years. In the other case, the expressway stock reaches its serviceability limit after 70 years.
The following main results are obtained. From the short-term perspective, total expressway expenditure and user charges in the case with a serviceability limit of 70 years are larger than in the case with a serviceability limit of 50 years in some periods. However, from the long-term perspective, total expenditure on expressways and user charges in the case with a serviceability limit of 70 years are smaller than in the case with a serviceability limit of 50 years. That is, in the long term, we can certainly decrease total expenditure on expressways and user charges by increasing the maintenance intensity. Regarding the relationship between efficiency and intergenerational equity associated with life-extension investment in expressways, we find that there is a trade-off under various levels of relative risk aversion. Specifically, if relative risk aversion increases, efficiency decreases and intergenerational equity increases. Furthermore, when the level of technology increases, higher levels of both efficiency and intergenerational equity can be obtained through life-extension investment in expressways.
The rest of this paper is organized as follows. In Section 2, we review the situation whereby aging expressway infrastructure has become a serious problem in Japan. In Section 3, we present a model for analyzing life-extension investment policies. In Section 4, we examine the relationship between efficiency and intergenerational equity associated with life-extension investment in expressways using generational accounting. Section 5 concludes.
2. Overview of Aging Expressway Infrastructure in Japan
Since the Meishin Expressway connecting Kobe and Nagoya was opened in 1963, a network of expressways has been constructed throughout Japan. According to the Road Statistics Annual Report 2016 [20], the total length of expressways reached 8,652 km in April 2015. Thus, the number of expressways that have now been in use for a long time is increasing. Because risks are likely to increase as expressways continue to deteriorate, life-extension investment in expressways has become an issue of great concern.
Figure 1 shows changes in the total length of expressways and the average road age in Japan for the period 1962–2015. It is evident that the number of expressways that are more than 30 years old has increased remarkably since the 1990s, as has the number of expressways that are more than 40 years old since the 2000s. There is also an upward trend in the average road age for the period 1962–2015, with the average road age of expressways reaching approximately 26.7 years in April 2015. While the aging of Japan’s population is well-known, the aging of Japan’s expressways is less well-known, but equally noteworthy.






	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
		
		
			
		
			
				
			
				
		
		
			
				
			
				
		
		
			
				
			
				
		
		
			
				
			
				
		
		
			
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
	


Figure 1: Total length of expressways and average road age. Source: Road Statistics Annual Report 2016, Ministry of Land, Infrastructure, Transport and Tourism, Japan.


Figure 2 shows the composition of expressway stock in terms of age as at April 2015. As can be seen in Figure 2, 43 percent of expressways in terms of total length were constructed at least 30 years ago. Further, for metropolitan expressways, this figure had risen to 56 percent by April 2017 [21]. Paper [22] pointed out that expressways that are more than 50 years old are expected to account for nearly 80 percent of the total length of expressways in Japan by 2050, and thus there is growing fear of an increase in risks caused by long-term deterioration. Papers [23–25] have expressed concern about aging expressways in Japan from the perspective of infrastructure management.




	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
				
		
		
			
		
			
			
				
		
		
			
			
				
		
		
			
				
			
				
		
		
			
				
			
				
		
		
			
			
				
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: Expressway years of service. Source: Road Statistics Annual Report 2016, Ministry of Land, Infrastructure, Transport and Tourism, Japan.


It is clear that maintenance and renewal of infrastructure, including expressways, are important for sustained economic growth. Furthermore, as noted in [26], expressways can serve not only to enhance macroeconomic performance, but also to prevent disasters. In fact, expressways provided emergency alternative transport routes and acted as a breakwater during the tsunami following the Great East Japan Earthquake in 2011. Currently, Japan is facing the possibility of Nankai megathrust earthquakes at various points along the Nankai Trough, including directly beneath the Tokyo metropolitan area. Therefore, in an era of aging expressways, a life-extension investment policy for infrastructure, including expressways, is critical to the safety and security of the Japanese population.
Given the social and economic background in Japan, Nippon Expressway Company Limited (NEXCO), which is a group of three companies (NEXCO East, NEXCO Central, and NEXCO West) that was created following the privatization of the Japan Highway Public Corporation in 2005, set up the Technical Committee of the Method of the Long-Term Maintenance of Expressway Assets in November 2012 and has examined the “Long-Term Plan of Structural Replacement and Rehabilitation on Expressways in Japan” [22]. In addition, the Ministry of Land, Infrastructure, Transport and Tourism published their “Action Plans for Life Extension of Infrastructure” in May 2015.
3. The Model
3.1. The Basic Setup
Consider the circumstance in which the economy is run by a benevolent social planner who dictates the choices of consumption over time and seeks to maximize the utility of the household. We assume a closed economy populated by identical agents who consume a single commodity. There is no population growth and the labor force is equal to the population.
Time is discrete and indexed by  All decisions are taken at specified points in time. Let  be the flow of output,  the aggregate consumption,  the total amount of expressway stock as infrastructure,  the capital stock other than expressways (nonexpressway capital),  the size of the working population,  the investment in expressway stock,  the investment in nonexpressway capital, and  the expenditure on expressway maintenance.
The aggregate production function is given by where  represents the level of technology. We regard the level of technology as a parameter. In addition,  and  are parameters that satisfy , , and . The form of the aggregate production function in (1) is similar to that in the model of [27]. However, in the model of [27], infrastructure is assumed to be constant over time.
The economy’s resource constraint is given by
The net increase in the stock of nonexpressway capital at a given point in time equals gross investment less depreciation. Thus, the stock of nonexpressway capital evolves according towhere  denotes the depreciation rate of nonexpressway capital.
3.2. Dynamics of Expressway Infrastructure with Deterioration Vintage
We apply the Markov vintage modeling used in [3] to a representation of dynamic equations for the accumulation of expressway stock. Suppose that expressways are classified into  types depending on the deterioration vintage, which is indexed by . Here, the term “deterioration vintage” can be interpreted as the degree of deterioration of infrastructure. A larger  value means more advanced deterioration.
Let  be the quantity of expressway with deterioration vintage  at the beginning of period . We consider that when the deterioration vintage becomes , the relevant expressway is retired. Hence, the value of the expressway with deterioration vintage  is zero. Furthermore, it is assumed that all expressways with different deterioration vintages provide the same service, irrespective of their deterioration vintage. Thus, there is no decrease in the value of an expressway as long as the deterioration vintage is between  and , even if the deterioration vintage becomes advanced. That is, the total amount of expressway infrastructure at the beginning of period  equals the sum of expressway stock with deterioration vintage from 1 to  at the beginning of period  Therefore,  is given by
Assume that the deterioration vintage of expressways follows a Markov chain. For the expressway stock with deterioration vintage , we formulateThe function  in (5) denotes the percentage shift to expressway stock with deterioration vintage  per period in expressway stock with deterioration vintage  Let  be the intensity of maintenance of expressways (the ratio of expenditure on expressway maintenance to the total amount of expressway stock). Then, the expenditure on expressway maintenance equals  Paper [19] notes that the ratio of maintenance expenditure to infrastructure stock may be a more natural scaling variable than the ratio of maintenance expenditure to output, given that one would expect that the amount of maintenance depends on the prevailing stock of public infrastructure assets. For simplicity, we treat  as a parameter. Note that (5) implies that  is the Markov transition probability that represents the process of expressway deterioration. Specifically, we follow [3] by specifying , where  and  are parameters. It follows that , , and  hold. When ,  is given by
3.3. The Social Planner’s Problem
The social welfare function is defined as follows:where  is the discount factor and  is consumption per worker. The social planner chooses a stream of consumption per worker  so as to maximize the social welfare in (7). The utility function  takes the constant relative risk aversion formIn (8), parameter  is the Arrow–Pratt coefficient of relative risk aversion, which is defined as −, and assumed to be constant. The higher the value of , the more rapid the proportionate decline in  in response to an increase in , and hence the lower the willingness of households to accept deviations from a uniform pattern of  over time. In addition,  can be regarded as a measure of intergenerational equity in the context of a life-extension investment policy for infrastructure because the concavity of  means that households prefer a relatively uniform pattern to one in which  exhibits volatility ranging from very low to very high.
Given  and , the social planner’s problem is to maximize  in (7), subject to (1) to (6). To solve the social planner’s problem, we set the Lagrange function  as follows:where , , , and  are Lagrange multipliers. From (9), the resulting first-order conditions can then be derived as follows:
Note that (13) implies that the optimal level of life-extension investment satisfies the condition whereby the marginal benefit is equal to the marginal cost of life-extension investment. With regard to  on the left-hand side of (16) and  on the left-hand side of (17),  and  mean the values of expressways at the beginning of period  with deterioration vintages  and , respectively.
We now focus on the steady state, in which variables in the model grow at nonnegative constant rates, and examine the effects of the intensity of expressway maintenance, , on macroeconomic performance. We express the steady-state values of , and  as , and , respectively. Here, as in [3], there are two cases in relation to deterioration vintage, that is, : “usable,” because the expressway is not yet retired when , and “unusable,” because the expressway is retired in the sense of reaching its serviceability limit when  This implies that  in (4). Hence,  holds. As a result, and  are constant over time (see Appendix A for the proof). In other words, the growth rates of , and  in the steady state are 0.
In the steady state of the model, the following relationships hold:See Appendix B for the derivations of (18) and (19).
Define the functions  and  as follows: Totally differentiating (20) with respect to , and , we obtainIn addition, totally differentiating (21) with respect to , and , we getMultiplying both sides of (22) by  yieldsMoreover, multiplying both sides of (23) by  leads toConsidering (24) and (25), we haveFrom (26), we obtain
Multiplying both sides of (22) by  yieldsFurthermore, multiplying both sides of (23) by  leads toUsing (28) and (29), we get Then, (30) implies thatFor convenience, we assume that  Then, we find that the relationships  and  hold from (27) and (31), respectively.
In the steady state, (3) implies that . This result and (27) lead toThe relationships in (4), (5), and (31) imply thatRecall that  and . Consequently, the sign of  in (33) is ambiguous. In addition,  and (31) imply thatIn addition, from (1), (27), and (31), we obtainFurthermore, (2), together with (32) to (35), implies thatWe can use (18) and (19) to obtainSubstituting (37) and (38) into (36) yieldsRecall that the working population, , is assumed to be constant. For consumption per worker in the steady state, , hence it follows that  from the result of (39).
4. Numerical Analysis
4.1. Effects of Life-Extension Investment
We now numerically examine the effects of investment to extend the life of expressways. Let  be the consumption per worker in the case of maintenance intensity  in period  on the optimal growth path and  be the social welfare obtained from . Therefore,  is given byAs in [28], the benefit of life-extension investment in expressways  is defined as the difference between  and :Moreover, let  be the consumption per worker in the case of maintenance intensity  in the steady state. The social welfare obtained from , , in the steady state is given by
Let ST be the stock effect and SM the smoothing effect. The stock effect means that room for new investment is created by life-extension investment in expressway stock, and therefore economic growth can be promoted through capital accumulation. The smoothing effect means that the dynamic path of consumption per worker is smoothed by life-extension investment in expressway stock and results in greater social welfare (for details, see [3]).
Based on (40) and (42), the welfare loss, , when maintenance intensity is  can be written asIf we consider maintenance intensities  and , the smoothing effect  is measured by the difference between  and . That is,  is given bywhere  and  are calculated using (43).
In our model, the benefits of life-extension investment in expressways can be decomposed into the stock effect and the smoothing effect. Therefore, when we express the stock effect for  and  as , the following relationship holds:Substituting the life-extension benefits from (41) and the smoothing effect from (44) into (45) yields the stock effect . In accordance with data from [29, 30], we set . For simplicity, investment in nonexpressway stock is fixed at . The baseline settings for the key parameter values are as follows: , , , , , , , and .
We investigate the data for expressway investment in Japan from [31]. Figure 3 shows expressway investment in Japan for 10 subperiods over the period 1963–2012. When we look at the changes in expressway investment shown in Figure 3, we find that there are some remarkable fluctuations. In our numerical analysis, the deterioration vintage value declines steadily from 10 in the subperiod from 1963 to 1967 to 1 in the subperiod from 2008 to 2012.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 3: Expressway investment in Japan. Source: Road Statistics Annual Report 2015, Ministry of Land, Infrastructure, Transport and Tourism, Japan.


To compare the effects of life-extension investment policies, we consider different values of maintenance intensity, that is,  and . Under the conditions , , and 1, when , we obtain the expected value of around 50 years for the period until the expressway stock reaches its serviceability limit. The value of 50 years is consistent with the preliminary calculation by [32] that the average useful life of roads, which include both general roads and expressways, is 48 years in Japan. On the other hand, if , we obtain the expected value of about 70 years for the period before the expressway stock reaches its serviceability limit.
In calculating the values of , and  corresponding to maintenance intensity values  and , we consider relative risk aversion (RRA) values from 1.00 to 2.30. In [33], the degree of relative risk aversion (RRA) is estimated and the hypothesis of constant relative risk aversion (CRRA) is examined for 15 developed countries. For Japan, [33] estimates an RRA of 2.76 using an approximate demand-for-insurance function and notes that the CRRA hypothesis cannot be rejected. Paper [34] estimates an RRA for Japan of between 1 and 2 using a consumption demand function.
Tables 1–5 show the total benefits, the smoothing effect, and the stock effect when , , , , and , respectively.
Table 1: Decomposition of benefits when .
	

	RRA	1.00	1.05	1.10	1.15	1.20	1.25	1.30	1.35	1.40	1.45	1.50	1.55	1.60	1.65	1.70	1.75	1.80	1.85	1.90	1.95	2.00	2.05	2.10	2.15	2.20	2.25	2.30
	

	Smoothing effect	0.723	0.692	0.662	0.633	0.605	0.578	0.553	0.528	0.504	0.481	0.459	0.438	0.418	0.398	0.380	0.362	0.344	0.328	0.312	0.297	0.282	0.268	0.254	0.242	0.229	0.217	0.206
	Stock effect	6.604	6.439	6.278	6.121	5.968	5.819	5.674	5.532	5.393	5.258	5.126	4.998	4.872	4.750	4.631	4.515	4.401	4.291	4.183	4.077	3.975	3.875	3.778	3.682	3.589	3.499	3.410
	Benefit	7.327	7.131	6.940	6.754	6.573	6.397	6.227	6.060	5.897	5.739	5.585	5.436	5.290	5.148	5.011	4.877	4.745	4.619	4.495	4.374	4.257	4.143	4.032	3.924	3.818	3.716	3.616
	



Table 2: Decomposition of benefits when .
	

	RRA	1.00	1.05	1.10	1.15	1.20	1.25	1.30	1.35	1.40	1.45	1.50	1.55	1.60	1.65	1.70	1.75	1.80	1.85	1.90	1.95	2.00	2.05	2.10	2.15	2.20	2.25	2.30
	

	Smoothing effect	0.609	0.577	0.546	0.517	0.490	0.464	0.439	0.416	0.393	0.372	0.352	0.333	0.315	0.298	0.282	0.266	0.251	0.237	0.224	0.212	0.200	0.189	0.178	0.168	0.158	0.149	0.141
	Stock effect	5.840	5.616	5.399	5.192	4.992	4.800	4.615	4.437	4.266	4.102	3.944	3.792	3.646	3.505	3.370	3.240	3.115	2.995	2.879	2.768	2.662	2.558	2.460	2.365	2.274	2.186	2.101
	Benefit	6.449	6.193	5.945	5.709	5.482	5.264	5.054	4.853	4.659	4.474	4.296	4.125	3.961	3.803	3.652	3.506	3.366	3.232	3.103	2.980	2.862	2.747	2.638	2.533	2.432	2.335	2.242
	



Table 3: Decomposition of benefits when .
	

	RRA	1.00	1.05	1.10	1.15	1.20	1.25	1.30	1.35	1.40	1.45	1.50	1.55	1.60	1.65	1.70	1.75	1.80	1.85	1.90	1.95	2.00	2.05	2.10	2.15	2.20	2.25	2.30
	

	Smoothing effect	0.529	0.497	0.467	0.438	0.412	0.387	0.363	0.341	0.320	0.300	0.282	0.264	0.248	0.233	0.218	0.205	0.192	0.180	0.169	0.158	0.148	0.139	0.130	0.122	0.114	0.107	0.100
	Stock effect	5.379	5.116	4.866	4.628	4.402	4.187	3.982	3.787	3.602	3.426	3.258	3.099	2.947	2.803	2.666	2.535	2.411	2.293	2.181	2.074	1.973	1.876	1.784	1.697	1.614	1.535	1.460
	Benefit	5.908	5.613	5.333	5.066	4.814	4.574	4.345	4.128	3.922	3.726	3.540	3.363	3.195	3.036	2.884	2.740	2.603	2.473	2.350	2.232	2.121	2.015	1.914	1.819	1.728	1.642	1.560
	



Table 4: Decomposition of benefits when .
	

	RRA	1.00	1.05	1.10	1.15	1.20	1.25	1.30	1.35	1.40	1.45	1.50	1.55	1.60	1.65	1.70	1.75	1.80	1.85	1.90	1.95	2.00	2.05	2.10	2.15	2.20	2.25	2.30
	

	Smoothing effect	0.471	0.439	0.409	0.382	0.356	0.332	0.309	0.288	0.268	0.250	0.233	0.217	0.202	0.188	0.175	0.163	0.152	0.142	0.132	0.123	0.114	0.106	0.099	0.092	0.086	0.080	0.074
	Stock effect	5.071	4.780	4.506	4.248	4.004	3.775	3.558	3.354	3.162	2.980	2.810	2.648	2.496	2.353	2.218	2.091	1.971	1.858	1.751	1.651	1.556	1.467	1.383	1.303	1.228	1.158	1.092
	Benefit	5.542	5.219	4.915	4.630	4.360	4.107	3.867	3.642	3.430	3.230	3.043	2.865	2.698	2.541	2.393	2.254	2.123	2.000	1.883	1.774	1.670	1.573	1.482	1.395	1.314	1.238	1.166
	



Table 5: Decomposition of benefits when .
	

	RRA	1.00	1.05	1.10	1.15	1.20	1.25	1.30	1.35	1.40	1.45	1.50	1.55	1.60	1.65	1.70	1.75	1.80	1.85	1.90	1.95	2.00	2.05	2.10	2.15	2.20	2.25	2.30
	

	Smoothing effect	0.426	0.395	0.366	0.339	0.314	0.291	0.269	0.249	0.231	0.214	0.198	0.183	0.170	0.157	0.145	0.134	0.124	0.115	0.106	0.098	0.091	0.084	0.078	0.072	0.067	0.062	0.057
	Stock effect	4.850	4.538	4.246	3.972	3.716	3.477	3.253	3.043	2.847	2.663	2.492	2.331	2.181	2.040	1.909	1.786	1.671	1.563	1.462	1.368	1.280	1.198	1.120	1.048	0.980	0.917	0.858
	Benefit	5.276	4.933	4.612	4.311	4.030	3.768	3.522	3.292	3.078	2.877	2.690	2.514	2.351	2.197	2.054	1.920	1.795	1.678	1.568	1.466	1.371	1.282	1.198	1.120	1.047	0.979	0.915
	



Given a level of technology, the relationship whereby the sum of the smoothing effect and the stock effect is equal to the total benefits implies thatIn (46), the first term and the second term on the left-hand side are the ratio of the contribution of the smoothing effect and the ratio of the contribution of the stock effect, respectively. Focusing on  in Table 1 as an illustration, it can be seen that the ratio of contribution of the smoothing effect is 0.066 and that of the stock effect is 0.934. Therefore, when , the contributions of the smoothing effect and the stock effect to the total benefits are 6.6 percent and 93.4 percent, respectively.
Considering the results shown in Tables 1–5, we find that there are some common characteristics in the cases where , , , , and . The contribution of the stock effect is more than 90 percent, while the contribution of the smoothing effect is less than 10 percent, for each value of . That is, the benefits of life-extension investment in expressways are mostly attributable to the stock effect. Intuitively, this result can be explained as follows. A lower RRA value means a greater willingness to save. Consequently, capital accumulation and economic growth are promoted. This results in greater benefits from life-extension investment in expressways. Furthermore, the smoothing effect and the stock effect are both higher when RRA is low. Because the benefits of life-extension investment consist of both a smoothing effect and a stock effect, this implies that if RRA is low, the life-extension benefits are high.
In contrast, we find the following differences among Tables 1–5. Let us focus on the case where  in each table; that is, the relevant values (smoothing effect, stock effect, and total benefits) are (0.282, 3.975, and 4.257) in Table 1, (0.200, 2.662, and 2.862) in Table 2, (0.148, 1.973, and 2.121) in Table 3, (0.114, 1.556, and 1.670) in Table 4, and (0.091, 1.280, and 1.371) in Table 5. It can be seen from Tables 1–5 that when the technology parameter is large, the smoothing effect, the stock effect, and the total benefits are all low. This is also true in relation to other RRA values. Hence, the higher the level of technology, the lower the life-extension benefits. In other words, the difference between social welfare  when maintenance intensity  and social welfare  when maintenance intensity  becomes smaller as the level of technology increases. These results suggest that the welfare-enhancing effect of technological progress decreases with the level of technology. Moreover, it can be confirmed that there is a difference in movement of total benefits among Tables 1–5. We now express the total benefits when  as  and define the index of total benefits when  as . For example, in the case of , the index of total benefits when  becomes 97.3. Figure 4 shows changes in the index of total benefits in the cases where , , , , and .






	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
	


Figure 4: Relative risk aversion and index of total benefits.


As can be seen in Figure 4, when the technology parameter is larger, the index of total benefits shows a more rapid decline in association with an increase in RRA.
For the cases where  and , Figure 5 shows the movements of total expenditure on expressways , consisting of investment in replacement expressway stock and expenditure on expressway maintenance. It can be seen that, in the cases where  and , the fluctuations in total expenditure on expressways are initially relatively large and then gradually decrease. This behavior is caused by differences in the deterioration vintage of expressways in each period. Specifically, investment to renew older expressways initially increases until it reaches a peak and then gradually decreases. These cyclical fluctuations in the transition process cause total expenditure on expressways to approach a steady state over time. Moreover, comparing the graphs in the cases of  and  in Figure 5, we note that the size of the fluctuation is small when the maintenance intensity is high.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 5: Dynamics of total expenditure on expressways.


Focusing on the transition process, it should be noted that total expenditure in the case where  is larger than that in the case where  in some periods. However, it is evident that total expenditure in the case where  is larger than that in the case where  in the steady state. When  (i.e., the maintenance intensity is relatively high), the steady-state value of total expenditure on expressways is 8,799 billion Japanese yen. Conversely, when  (i.e., the maintenance intensity is relatively low), the steady-state value of total expenditure on expressways is 9,303 billion Japanese yen. Therefore, in terms of total expenditure on expressways, which is defined as the sum of investment in replacement expressway stock and expenditure on expressway maintenance, the case where maintenance intensity is high will cost less than the case where maintenance intensity is low in the long term.
Figure 6 shows movements in user charges in the cases where  and . At first glance, we find that the behavior of user charges is very similar to that of total expenditure on expressways. As can be seen in Figure 6, user charges show cyclical fluctuations during the transition process in both cases. In the steady state, user charges in the case where  are less than those in the case where . That is, user charges are lower in the long term when maintenance intensity is relatively high.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
	


Figure 6: Dynamics of user charges.


Let  be the steady-state value of user charges for an expressway. We can obtain the value of  using the following equation: where  is the average daily traffic volume for Japanese expressways. Data for  are taken from [29], and the average daily volume of expressway traffic is 27,481 units. Using (47) for the case where  = 0.020, the user charge per kilometer in the steady state is 22.54 Japanese yen. Similarly, the user charge per kilometer in the steady state in the case where  = 0.016 is 23.83 Japanese yen.
4.2. Efficiency and Intergenerational Equity
To compare the short-term and long-term social marginal cost pricing systems of roads, [4] presented a quantitative approach for evaluating efficiency and intergenerational equity regarding road construction and improvement. Using the evaluation index described in [5], they define efficiency and intergenerational equity as follows. The sum of the benefits for all generations is regarded as an efficiency index. In addition, the inverse of the standard deviation of net benefits is regarded as an equity index. Here, the net benefits are derived as the residual after subtracting the burden from the benefits; that is, net benefits equal benefits minus the burden. Paper [4] examined six road-use charging systems: a short-term social marginal cost pricing system, a long-term social marginal cost pricing system, and four intermediate cases. As a result, they find that there is a trade-off between efficiency and intergenerational equity. In particular, the long-term social marginal cost pricing system is superior in terms of efficiency, while the short-term social marginal cost pricing system is superior in terms of intergenerational equity.
In this subsection, we apply the approach proposed by [4] to the numerical analysis of efficiency and intergenerational equity in the context of the model of life-extension investment in expressways. Specifically, we address the following questions: What kind of relationship exists between efficiency and intergenerational equity associated with life-extension investment in expressways? Are efficiency and intergenerational equity encouraged or deterred by technological advances?
However, unlike [4], we calculate efficiency and intergenerational equity using the benefits of life-extension investment in expressways  and total expenditure on expressways , respectively. Recall that we analyzed management of investment and maintenance in relation to expressway infrastructure at a national level in the dynamic framework based on the model of economic growth. Because the results of the numerical analysis of [4] depend on an essentially static model, we have a distinct advantage over [4] from the perspective of the appropriateness of using generational accounting. In addition, [4] did not consider changes in RRA and the level of technology.
To apply the generational accounting technique, first we must convert the annual benefits and burden into those of a generation. Specifically, we define the present value of the difference between total expenditure on expressways when and that when  as a burden per period. Furthermore, as in [4], we assume that all generations utilize the expressways over four decades from age 20 to age 59. Because we consider a period to be five years, this means that each generation uses the expressways over eight periods. The benefits (burden) for each generation are (is) the sum of 12.5 percent of the benefits (burden) in each period. Taking generation , which is born in period , as an example, the people of generation  use the expressway for eight periods (over four decades) from period  to period  Then, we calculate the benefits of generation  by See [4] for a more detailed explanation of (48).
We use the following nine values for the RRA parameter:  1.00, 1.50, 2.00, 2.50, 3.00, 3.50, 4.00, 4.50, and 5.00. Figure 7 shows the relationship between efficiency and intergenerational equity in our model. As can be seen in Figure 7, there are downward sloping lines for all values of the technology parameter, implying a trade-off between efficiency and intergenerational equity. Here, the points in the top left corner of the graphs have , while those in the bottom right corner of the graph have . That is, RRA is lower for points located in the upper left corner of the graph. The main results are summarized as follows. If RRA increases, efficiency decreases and intergenerational equity increases. Given that [33] presents estimates of RRA in Japan and the United States of 2.76 and 1.19, respectively, Figure 7 suggests that people in Japan place a higher value on intergenerational equity than do people in the United States. Conversely people in the United States place a higher value on efficiency than do people in Japan. In addition, our interest is how technological progress would impact efficiency and intergenerational equity given a life-extension investment policy. A country with a higher level of technology can obtain both greater efficiency and greater intergenerational equity. This implies that technological progress plays a key role in improving both efficiency and intergenerational equity.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 7: The relationship between efficiency and intergenerational equity.


5. Conclusion
Based on the stochastic Ramsey model, we proposed a macroeconomic dynamics approach for evaluating life-extension investment policies for expressways in Japan. The proposed approach allows more comprehensive and rigorous analysis.
We found that the benefits of life-extension investment in expressways are increased by raising the level of maintenance intensity. The benefits of life-extension investment in expressways can be decomposed into the stock effect and the smoothing effect. The numerical results showed that the stock effect accounts for more than 90 percent of the benefits, while the smoothing effect accounts for less than 10 percent. We also examined the effects of life-extension investment policies under varying levels of maintenance intensity and obtained the following results. A life-extension investment policy with a high level of maintenance intensity leads to lower total expenditure on expressways in the long term. In the short term, the magnitude of the fluctuations in expressway expenditure is smaller when there is a high level of maintenance intensity than when there is a low level of maintenance intensity. That is, increasing the level of maintenance intensity suppresses fluctuations in expressway expenditure and contributes to a reduction in financial instability in relation to expressway expenditure. Moreover, user charges are lower in the long term when maintenance intensity is relatively high. Our results support the life-extension policies regarding expressways of NEXCO and the Ministry of Land, Infrastructure, Transport and Tourism in Japan.
Regarding efficiency and intergenerational equity under a life-extension investment policy in relation to expressways, the socially optimal combination of efficiency and intergenerational equity depends on the levels of relative risk aversion and technological development. If relative risk aversion is high, efficiency will be low and intergenerational equity will be high. Moreover, a higher level of technological development leads to greater efficiency and intergenerational equity. This suggests that technological progress is important for increasing efficiency and intergenerational equity.
Appendix
A. Proof That ,  ,  ,  ,  ,  , and  Are Constant in the Steady State
 Combining (10) and (11), (15) can be expressed asWhen both sides of (A.1) are divided by , we obtainIn the steady state, all variables grow at constant nonnegative rates. Obviously, the consumption growth rate,  in the steady state must be a constant. It follows that the left-hand side of (A.2) is a constant. Then, the right-hand side of (A.2) is also a constant. This implies the constancy of the term . In other words, the following relationship holds:where  is a constant.
Note that if , expressway stock is at the limit of serviceability. This means that the shadow value of expressway stock is zero: . Using (14), (16) can be rewritten as follows:Therefore, the relationships (A.4), (10), and (12) imply thatDividing both sides of (A.5) by  yieldsBecause the growth rate of consumption becomes constant in the steady state, the left-hand side of (A.6) is a constant. Then, the right-hand side of (A.6) is also a constant and the following relationship must hold:where  is a constant.
Combining (A.3) and (A.7), the relationship between  and  can be expressed asSubstitution of (A.8) into (A.2) leads toBecause the left-hand side of (A.9) is a constant, the right-hand side of (A.9) is also a constant. Consequently, we find that expressway stock in the steady state is a constant and the relationship  holds. In addition, (A.2) and (A.8) imply thatFrom (A.10), we can show that capital stock other than expressways is constant in the steady state and the relationship  holds.
When , (3) implies that  in the steady state. Therefore, investment other than that in expressways, , is a constant. Moreover, if , then . Hence, expenditure on expressway maintenance in the steady state becomes a constant. In addition, we find from (4) that the relationship  holds and expressway stock with deterioration vintage 1 becomes constant in the steady state. Furthermore, it follows from (6) that investment in expressways, , is constant.
We now focus on the production function of (1). Because  and  become constant in the steady state, the production of goods, , must be constant. Moreover, (3) can be rewritten as follows:The right-hand side of (A.11) is a constant in the steady state. This implies that consumption in the steady state is also a constant.
Hence, the proposition that , and  become constant in the steady state is proved.
B. Derivation of (18) and (19)
 In Appendix A, we confirm that the relationships , , and  hold in the steady state. Then, (A.2) and (A.6) imply thatNote that (B.1) and (B.2) are identical to (18) and (19), respectively.
We now express , and  as the values in the steady state of , and , respectively. From (15) and (B.1),  holds. Considering the relationship between (16) and (B.2), we get . Hence, (11) and (12) imply that .
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