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            Abstract
          
        

        
          This paper estimates the appropriate social discount rate (SDR) with regard to climate change uncertainty for the Korean economy. First, following Burke et al. (2015)ʹs framework, we measure the marginal economic impact of climate change on the Korean economy focusing on temperature rise. Then, based on this historical relationship, we predict future GDP growth rate according to the climate representative concentration pathway (RCP) and socio‐economic scenarios (SSP) by 2100. Lastly, we estimate the SDR for the Korean economy for the next decade, based on the trajectory of future GDP growth rate.

          Overall, taking into consideration that climate uncertainty may be crucial in determining an appropriate SDR for environmental policy appraisal, we find that at given levels of temperature rise, the Korean economy may suffer from global warming relatively more than the rest of the world. Therefore, in the worst‐case scenario, Koreaʹs predicted future GDP growth rate would drastically decline. Consequently, our estimation supports that the appropriate level of SDR calculated based on the Ramsey Rule should decline over time, and even reach negative values depending on the climate scenario.
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      1. Introduction
      Over the past decade, huge amounts of literature have shed light on the impact of climate change on various fields (Mendelsohn et al., 1994; Schlenker et al., 2005, 2006; Deschênes and Greenstone, 2007; Schlenker and Roberts, 2009; Welch et al., 2010; Deschênes and Greenstone, 2012; Fisher et al., 2012; Lobell et al., 2013; Chen et al., 2015; Burke and Emerick, 2016). Among the economic literature, there is a burgeoning amount of literature on the climate change impact on GDP growth rates particularly focusing on the temperature rise (Hsiang, 2010; Dell et al., 2012; Deryugina and Hsiang, 2014; Burke et al., 2015). The consensus from these studies is that due to global warming, the total productivity is expected to decline and hence affect the GDP growth rates all over the world as well. If so, how severely will the Korean economy be affected by climate change? Further, at a given level of temperature rise, how much of Korea’s GDP growth rate will decline?

      If the GDP loss is relatively large for the Korean economy, then the Korean government should respond to climate change immediately and much more proactively. Furthermore, despite current global efforts for climate mitigation and greenhouse gas reduction, the Korean government should also place emphasis on adaptation policies for the future of the Korean economy.

      As part of the movement towards the active response to climate change, estimating the social discount rate (SDR) taking into account climate change is critical. SDR is one of the crucial factors in the policy appraisal process, especially for policies with long-term capital flow. Despite of its importance, a debate on an ‘appropriate’ SDR is still on-going between various prominent scholars (Stern, 2007; Nordhaus, 2007, 2017); variations of the SDR can also be seen by country and sector, demonstrating that there is no universal consensus. In the case of the Korean government, from 2017, the SDR of 4.5% was employed to evaluate the economic values of policies, and additionally, a lower level of SDR is adopted for the policies in the transportation and water sectors that exceed 30 years; however, these rates do not take into account climate change characteristics and uncertainties (KDI, 2008).

      In this paper, we estimate the SDR for the Korean economy by taking into consideration the effect of rising temperature. First, we estimate the marginal effect of the rising temperature on the GDP growth rate of Korea between 1960-2010 based on Burke et al. (2015) (hereinafter, BHM)'s framework. Next, based on this historical analysis, we predict future GDP growth rate by 2100, given the scenarios from the socio-economic (SSP) and climate (RCP) conditions. Lastly, we suggest the appropriate level of the SDR for the Korean economy taking into account climate change.

      With sufficient controlling of relevant variables, we find that historically, the optimal temperature rate for the Korean economy is actually much lower than what is estimated from the global sample. That means Korea would be severely affected by global warming at the current given rate of predicted temperature rise. If this historical relationship lasts for the next decade, the Korean economy is expected to face negative GDP growth rates by 2100 based on all of the RCP scenarios. These results are based on the 1~3% level of GDP growth rates calculated from the non-climate scenarios (SSP).

      Taking into account these climate change paths that affect the GDP growth rate, it is highly likely that the Korean government should employ a much lower rate of SDR than the current rate. Based on the decreasing pattern of GDP growth rate, it is suggested that the SDR should also take form of a declining discount rate (Weitzman, 1998; Groom et al., 2005; Arrow et al., 2014). Our conclusion is consistent with the low level of GDP growth rate cases in past studies for Korea (Lee et al., 2016; Sohn, 2019). This is particularly pertinent in long-term policies like environment policies where the SDR should be lower than the current status quo.

      The rest of the paper is organized as follows. In section 2, we provide the conceptual framework of how the SDR and climate change is related in terms of the future GDP growth rate (g). Next, we report our estimation results for g in section 3. In section 4, we demonstrate our main results for the SDR. We then conclude with a summary of the findings in section 5.

    

    

  
    
      2. Conceptual framework
      
        2.1 Social Discount Rate (SDR): Ramsey Rule
        Conventionally, the SDR is framed by the Ramsey Rule (Ramsey, 1928) as seen by the following equation:
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        where ρ is the rate of pure time preference, ζ refers to the elasticity of marginal utility, and g is the future economic growth rate-specifically, the real growth rate of consumption per capita. The first term (ρ) on the right-hand side captures how much today’s society cares for future societies, while the second term (ζ×g) represents the wealth effect, which means the tendency of the economic agents to smooth intergenerational consumption; therefore, if a higher economic growth rate is expected in the future generations, then SDR would also increase.

        Among the factors of the SDR, our focus is on g, which is the main source of uncertainty related to climate change (Lewandowsky et al., 2017). Forecasts of the long-run economic growth rate are difficult to determine without a certain level of uncertainty. Moreover, because climate change is an issue of the distant future, the debate centered on the range of its economic impact carries even more layers of uncertainty.

      

      
        2.2 Relationship Between Economic Growth Rate (g) and Temperature
        From the perspective of climate change literature, g can be obtained from a theoretical model (e.g. Nordhaus (2007)), expert survey (e.g. Drupp et al. (2018)), or empirical model (e.g. Christensen et al. (2018)). For empirical studies, temperature and precipitation are the main climate variables in the research (Zhang et al., 2017). Especially, a burgeoning literature has investigated the economic impact of rising temperature (BHM; Colacito et al., 2019; Lee et al., 2016 (hereinafter, LVG); Tang et al., 2018).

        
          
          

          Fig. 1. 
				
          

          
            Timeline of our estimation: historical analysis and projection.
          
          

          

        

        As one of the inspiring foundations for this research, BHM investigated the relationship between GDP growth rate and temperature for 166 countries during 1960-2010. With this global sample, they found that the temperature has an inverted-U shaped relationship with the GDP growth rate, with growth peaking at an annual average temperature of 13.06°C. This nonlinear relationship is robust in various specifications; for example, in the analysis of different time period (1960-1989 vs. 1990-2010); income effect (rich vs. poor countries); and industry effect (agricultural vs. non-agricultural). Taking into account for the global non-linear relationship, BHM calculated the “empirical damage function”, which shows the loss of annual average income caused by rises in the temperature. According to their findings, global incomes would be reduced by about 23% by 2100.

      

    

    

  
    
      3. Estimation of g
      This study consists of three parts. First, based on the BHM’s framework specifically for the Korean historical data, we estimate the marginal effect of rising temperature on the economic growth rate from 1960 to 2010. Assuming that the results from this historical estimation represent a steady-state economy, we then compute the future Korean GDP growth rate, g, combined with climate and economic growth projection scenarios. Lastly, by employing the future GDP growth rate obtained from the second stage, we estimate the SDR for the Korean economy by 2100.

      
        Table 1. 
				
        

        
          Scenarios for climate and socio-economic conditions
        
        

      

      
        
          
            	Socio-Economic
            	Climate
            	Expected Δ Temperature in Korea (°C)
          

        
        
          	SSP2
          	RCP 2.6
          	1.34
        

        
          	SSP3
          	RCP 4.5
          	3.34
        

        
          	SSP5
          	RCP 6.0
          	4.94
        

        
          	
          	RCP 8.5
          	5.44
        

      

      

      
        3.1 Data and Scenarios
        For the historical analysis of 1960-2010 period, we employ a Korean sample from the dataset provided from BHM; the GDP data from the World Bank’s World Development Indicators (WDI); and climate change data (temperature and precipitation) from Matsuura and Willmot (2012). We also use historical temperature data from the Korean Meteorological Administration (KMA), which generate similar results.

        For the projection of g, we rely on the climate and socio-economic scenarios: 3 scenarios of SSPs (SSP2, SSP3 and SSP5) and all of four RCPs. Among the SSP scenarios, SSP2 resembles the median estimation of long-term economic growth rate provided from the Korean government. SSP3 and SSP5 are the scenarios employed by BHM and Lewandowsky et al. (2017), because those scenarios are consistent with the case of high emissions (RCP 8.5). Given these SSP/RCP scenarios, we employ GDP growth rates based on SSPs from OECD, and expected temperature changes in Korea from KMA.

      

      
        3.2 Historical Analysis
        To estimate the relationship between temperature and GDP growth rate, we re-estimate the regression of BHM with a single country sample, specifically Korea. Following BHM, we use second-order polynomials of temperature and precipitation:
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        where Tt refers to temperature, Pt is precipitation and t is time trends. In our baseline model, we focus on the parameters for quadratic function of temperature (β1 and β2), controlling the precipitation and quadratic time trends.

        Fig 3 displays an eyeball evidence on the relationship between temperature and GDP growth rate of Korea. Interestingly, both variables have strong linear trends in each of their historical data, but they have nonlinear relationship with each other. For temperature, it shows a stable but rising pattern while the GDP growth rate shows a significantly decreasing pattern. However, as shown in BHM, the Korean economy also demonstrates the inverted-U shaped relationship between the two variables.

        
          
          

          Fig. 2. 
				
          

          
            GDP growth rates based on SSP scenarios, from OECD database.
          
          

          

        

        
          
          

          Fig. 3. 
				
          

          
            Relationships between temperature and GDP growth rate for Korea.
          
          

          

        

        Table 2 provides our results from the regression on the Korean sample. The first column shows the overall estimate from BHM based on their global sample and the second is our baseline estimate for Korea. We check with another regression model which includes only linear time trend (column (3)), adding lags of GDP growth rate (column (4) and (5)), and employing other data source from the Penn World Table (PWT) (column (6)). Both the global and Korean sample results show that the nonlinear relationship between temperature and GDP growth rate is significant. Also, for most of the robustness check specifications, the parameters for the quadratic functional form of temperature are significant, even at 1% levels. However, there is a striking difference between the optimal rates of temperature estimated from the two samples; for the Korean case, estimation results show that the economic production is at a maximum of about 11.39°C, which is much lower than that from BHM.

        
          Table 2. 
				
          

          
            Regression results of the Korean sample.
          
          

        

        
          
            
              	
              	Global
              	Korea
            

            
              	(1) BHM (2015)
              	(2) Baseline
              	(3) Linear
              	(4) 1lag
              	(5) 3lags
              	(6) PWT
            

          
          
            	Temp.
            	0.0127***
(0.0038)
            	0.8772***
(0.2854)
            	0.7078**
(0.3103)
            	0.9507***
(0.3064)
            	1.0325***
(0.2982)
            	0.8633***
(0.2793)
          

          
            	Temp. sq.
            	-0.0005***
(0.0001)
            	-0.0385***
(0.0125)
            	-0.0314**
(0.0136)
            	-0.0417***
(0.0134)
            	-0.0451***
(0.0130)
            	-0.0379***
(0.0122)
          

          
            	Precip.
            	0.0145
(0.0100)
            	0.1741
(0.2139)
            	0.0437
(0.2324)
            	0.1559
(0.2195)
            	0.1190
(0.2141)
            	0.2151
(0.2090)
          

          
            	Precip. sq.
            	-0.0047*
(0.0026)
            	-0.0693
(0.0808)
            	-0.0257
(0.0881)
            	-0.0620
(0.0829)
            	-0.0540
(0.0807)
            	-0.0850
(0.0791)
          

          
            	Observations
            	6584
            	50
            	50
            	49
            	47
            	51
          

          
            	R squared
            	0.286
            	0.376
            	0.219
            	0.371
            	0.436
            	0.426
          

          
            	Optimum
            	13.06
            	11.39
            	11.27
            	11.40
            	11.44
            	11.39
          

        

        
          
            Note. Standard errors in parentheses. *p < 0.10, **p < 0.05, ***p < 0.01
          

        

        

        According to results of BHM, Korea can be one of the better-off countries from global warming. Because temperature has a curvilinear relationship with the GDP growth rate, the economy of countries with an annual average temperature lower than 13.06°C can benefit from annual temperature rise. That means South Korea, where the historical annual average temperature is around 12°C (Matsuura and Willmott, 2012; KMA, 2015), can be one of the beneficiaries from global warming. However, based on our estimation, the Korean economy would severely suffer from the effects of global warming. If the optimal temperature for the Korean economy is about 11.3°C, which is already under the historical average annual temperature rate, the rises in temperature in the future will hurt the Korean economy in a nonlinear way; as temperature rises, the loss due to climate change in the Korean economy would thereby escalate.

        Our findings are consistent with other studies which indicate that Korea could be one of the worse-off countries from global warming (Puaschunder, 2019). Korea has distinctive four seasons, which means that the negative effect of temperature rising during the hot and humid summer in Korea can be huge (see Colacito et al. (2019) for the seasonal effect analysis). Also, based on the U.S. district level data, (Burke and Tanutama, 2019) found that the optimal temperature rate is lower than 10°C.

      

      
        3.3 Projection of g
        Here, we predict future GDP growth rate by 2100. Combined the optimal temperature estimates with SSP scenarios, we calculate the empirical damage function following BHM. The trajectory of economic production is assumed to be affected by two sources; one is socio-economic activity absent of climate change, and the other is increases in temperature which represent the climate change phenomenon in our paper. Specifically, we calculate gt by combining the GDP growth rate from SSPs (ηt) and that of climate change (δt).

        
          
            
              	
                
                  
                    
                      
                        g
                      
                      
                        t
                      
                    
                    =
                    
                      
                        η
                      
                      
                        t
                      
                    
                    +
                    
                      
                        δ
                      
                      
                        t
                      
                    
                  
                
              
              	
                (3) 
				
              
            

          

        

        δt is calculated as the empirical damage function h(T), δt=h( Tt+) -h(T) , where Tt+ refers to the future rate of temperature by 2100, and T refers the historical average rate between 1980 and 2010. Tt+=△TRCP×t-20102100-2010, where ΔTRCP is expected increases in temperature for Korea by 2100, according to the RCP scenarios. hT=β^1T+β^2T2.

        Fig 4 demonstrates the predicted g based on SSP scenarios and three different empirical damage functions: from BHM, LVG, and this paper labelled, SDR. In LVG, the optimal rate of temperature was calculated as 14.24°C, based on the global sample. We employ SSP2 and RCP2.6 for the comparison our baseline model with BHM and LVG specifications, and additionally SSP3 and SSP5 for our model only. The grey area represents GDP growth rates from SSP2 scenario.

        
          
          

          Fig. 4. 
				
          

          
            Annual GDP growth rate trajectory for Korea based on RCP 2.6.
          
          

          

        

        As shown in the Fig 4, the level of optimal temperature rate is crucial in calculating future GDP growth rate. Due to the inverted-U shaped relationship, rises in temperature that are below the optimal rate can boost the economy, while oppositely hurt the economy progressively after it reaches temperatures above the optimal rate. Both of the results based on the higher optimal rates from the global samples predict future GDP growth rate which are slightly higher than the SSP growth rate. This indicates that the Korean economy will grow because of the rising temperatures.

        However, according to our estimation, these results can drastically shift; even in the most limiting case of RCP 2.6, the Korean economy will suffer severely as temperature rises. The future GDP growth rate is dominated by the damage function of temperature increases, and the results from the different scenarios of SSPs also do not make any sizable changes.

        Based on our model, we compute cumulative annual GDP growth rates, the one of SDR components, according to RCP scenarios. Combined with the lower level of optimal rate and the nonlinear relationship, the more the temperature rises, the bigger the economic losses from climate change is expected.

        Fig 5 displays the cumulative GDP growth rate in different RCP scenarios. When we consider RCP 8.5 scenarios, the economic loss can be as catastrophic as -40 percent. Furthermore, for all of the RCP scenarios, the Korean economy would suffer from the rising temperature by 2100.

        
          
          

          Fig. 5. 
				
          

          
            Estimation across RCP scenarios.
          
          

          

        

        These shocking results come from two sources; the nonlinearity and the level of optimal temperature rate. Taking into account the nonlinearity relationship generates huge economic costs from climate change, compared to the damage function proposed by the Integrated Assessment Models (IAMs). Since IAMs employ a linear function of temperature and GDP relationship, the cost of rising temperature would be relatively limited. In contrast, the empirical analysis in BHM from the global samples provide evidence for substantial amount of the global economic loss. In this paper we demonstrate that this conclusion obtained from the global sample estimation also can be applied to the Korean economy. Moreover, because our result shows that the lower rate of temperature is optimal for the Korean economy, accounting for the nonlinearity relationship generates even more severe damage function for the Korean economy.

      

    

    

  
    
      4. Estimation of SDR
      Lastly, we estimate the SDR for the Korean economy based on the previous results. First, we calculate the SDR for RCP2.6 and SSP2 cases. Given the framework of Ramsey Rule, we calculate the forward rate of SDR (see e.g., (Lewandowsky et al., 2017)). For other parameters in SDR, ρ and ζ, we employ a three prong approach from past studies of Korean SDR estimations (Lee et al., 2016; Kim, 2015; Sohn, 2019): middle (1.1, 1), high (1.73, 1.81) and low (0.52, 0.81). The numbers in the parenthesis in the legend (Fig 6) refers to the values of ρ (first) and ζ (second) from past studies. Fig 6 shows the estimated SDRs for the Korean economy. All of the SDRs share similar patterns where they decrease over the horizon, and even for the case of RCP 2.6, become negative by 2100. Because the decreasing pattern of SDR arises from the trajectory of g which falls over time, SDR declines remarkably when we consider other RCP scenarios (Fig 7). Based on the decreasing pattern of the GDP growth rate, it is suggested that the SDR should also take form of a declining discount rate (Weitzman, 1998). In sum, our conclusion is consistent with past studies that estimate the SDR for Korea with low level of future GDP growth rate (Lee et al., 2016; Sohn, 2019).

      
        
        

        Fig. 6. 
				
        

        
          SDRs calculated based on RCP 2.6 and SSP2.
        
        

        

      

      
        
        

        Fig. 7. 
				
        

        
          SDRs calculated based on four RCPs/SSP2.
        
        

        

      

    

    

  
    
      5. Conclusion
      In this paper, we estimate the SDR for the Korean economy, based on the prediction of future GDP growth rate by combining historical estimation adapted from BHM for the Korean case, with the future scenarios of climate and socio-economic behaviors.

      We propose that Korea can be quite vulnerable to impacts of climate change and that the Korean economy would be hurt relatively more than other countries at a given magnitude of temperature rising, because it has a lower level of overall optimal temperature rate. These empirical findings can be applied in the calculation of the SDR, which is a crucial factor for policy appraisal. Thus, according to our findings, the SDR should be the set at a substantially low level, and even reach negative values for long-term policies by 2100.

      Additionally, the negative impact of rising temperature would be exaggerated in the future, as the magnitude of climate change for Korea can be larger. South Korea is geographically located where global warming is severe (IPCC, 2013). In the same light, the temperature of South Korea has risen by 1.7°C, which is more than twice the global average of 0.7°C (Park, 2015). That means without significant reduction of CO2, we should alter our prediction that future generations will be richer than the current generation, as Korea is expected to become warmer. Furthermore, the Korean government should also place emphasis on climate adaptation policies to its economic structure, in order to reduce the magnitude of GDP loss from global warming.

      We must recognize that when focusing on the historical relationship, empirical results from BHM and this paper, also have several caveats: although we employ several future scenarios from the IPCC to address this issue, a limit to incorporating all future changes and other source of uncertainties still remains (Lewandowsky et al., 2017). Additionally, other than the historical analysis, there are some debates about the BHM’s estimation results (Rosen, 2019; Diffenbaugh, 2019). Therefore, our conclusion should be further adapted according to the consensus derived from these debates in the future.
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