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Abstract 
This paper attempts to connect the measurement of social progress from the 
Stiglitz report and climate change mitigation (CCM) by the Intergovernmen-
tal Panel on Climate Change (IPCC) assessment reports. Each report has been 
addressed insufficiently on the issue, although both reports have common in-
terests in development patterns and pathways for the economy, humanity, 
and society. This study used our original integrated assessment model and 
applied for measuring various indicators for sustainable development, such as 
genuine savings (known as GS) and human appropriation of net photosyn-
thetic primary production (HANPP). We expanded an analysis of sustainable 
development indicators of quality of life (QoL) and of the human develop-
ment index (HDI) and introduced a modified quality of life indicator. These 
indicators expand on the “classical” GDP loss, which has been well analyzed 
in the majority of CCM literature. Our model’s main framework is based on 
the Regional Integrated model of Climate and the Economy (RICE) extended 
from Ramsey-Cass-Koopmans with a simplified climate model and added 
three original resource balance models with environmental consequences 
with a life cycle impact assessment (LCIA) model. We prepared various cli-
mate policy scenarios ranging from business as usual to economically efficient, 
CO2 double stabilization, and targeting two degrees Celsius (DC). We believe 
this work has three contributions. First, in contrast with the World model by 
the Limits to Growth, our model has an economic foundation where genuine 
savings is introduced. Second, while the Stiglitz report only extrapolates the 
current genuine savings trend, we are able to calculate the future trajectories of 
sustainable development indicators, based on a sophisticated integrated as-
sessment model. Third, when compared to the RICE analysis, which sought 
the optimal climate policy in the sense of cost-benefit analysis, our model in-
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troduces indicators of sustainable development in assessing climate policies. 
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1. Introduction 

The Stiglitz report [1] rests on three main pillars for reforming global monetary 
systems after the financial crisis of 2007-2008—classical gross domestic product 
(GDP), quality of life (QoL), and sustainable development and environment (SD 
& E). GDP is the most used measure of economic activity globally. Although it 
primarily measures market production of economic activity in value-added 
terms, it is commonly used as a measure of economic well-being. Material stan-
dards of living, however, are more closely associated with measures of real in-
come and consumption rather than production. Because of the various limita-
tions (fully described in the report), alternative ways to measure social progress 
other than economic performance are presented in the report. 

The measurement of QoL is categorized into three approaches: subjective 
well-being (SWB), capabilities, and welfare economics and fair allocations. SWB 
includes three separate aspects: life satisfaction, the presence (and absence) of 
positive feelings, and the presence (and absence) of negative feelings. Two rep-
resentative measurement approaches are the World Value Survey (a qualitative 
survey) and the Gallup World Poll (a quantitative survey with a 0 to 10 quali-
ty-of-life scale). Quality of life is comprised of material living standards (e.g., 
income), health, education, personal activities (e.g., paid and unpaid work, com-
muting, leisure time, and housing), political voice and governance, social con-
nection, environmental condition, and insecurity. These conditions can be func-
tioning (people’s doings, e.g., working and commuting, and people’s being, e.g., 
healthy and educated) or freedom (e.g., political voice and participation). The 
human development index (HDI) has a capability approach in terms of a per-
son’s freedom to choose among the various combinations of functioning factors. 
The HDI is the representative indicator aggregating across those various do-
mains, specifically health, education, and living standards. 

SD & E covers various economic and environmental indicators—things like 
dashboards or composite indexes, adjusted GDP, adjusted net savings (ANS), 
and ecological footprint (EF). As recommended in the Stiglitz report (Message 1, 
p. 263 of the report), measuring SD & E requires future projections as well as 
historical observations. Appendix 3 of the report (pp. 280-282) shows some 
modifications on ANS estimates up to the year 2030 with trends observed since 
1990 or remaining constant at the 2006 level in ANS, excluding CO2 damage or 
its intensity ratio (CO2 emissions per units of GNI). Appendix 4 of the report 
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(pp. 283-287), titled “More on the ANS and Climate Change”, offers economic 
valuation of global warming consequences by so-called climate welfare economy 
integrated assessment models (IAMs). It illustrates some of the narrative and 
dynamic scenarios on ANS with and without a climate policy. 

None of the qualitative in-depth investigations by IAMs, however, have been 
addressed in the report. Contrary to this, climate policy assessment has long 
been analyzed only by “classical” loss of GDP or the social cost of carbon (SCC) 
(calculated as the present value of discounted economic welfare loss by a mar-
ginal GHG emissions increase) [2]. These factors are categorized as “economic 
performance” in the report. This article tackles the projection issue under cli-
mate policy scenarios using the measuring indicators of QoL and SD & E in our 
IAM. The authors have long been studying the latter issue (i.e., measuring future 
projections of indicators in SD & E), especially on ANS (or GS) and HANPP1 [4] 
[5] as a proxy of “carrying capacity” instead of EF2. Recently, Pezzey and Burke 
[10] addressed a “precautionary” approach by modifying the “highly aggregated” 
damage function in the original DICE model and deriving a recently well-defined 
SCC to amend ANS in the present day with and without the climate policy. 
Compared with those results, the projection of the former (i.e., QoL indicators) 
has not been addressed to the authors’ knowledge, a topic this article addresses 
intensively. We examine future projections of ANS and HANPP for the SD & E 
using well-defined HDI, modified indicators for QoL, and GDP for “classical” 
economic performance. 

The organization of this article is as follows. Section 2 gives short reviews on 
the theoretical background and measurement issues for the economic and envi-
ronmental indicators. Section 3 describes our IAM and calculation of the indi-
cators. This is followed by results, discussion, and conclusions in Sections 4, 5, 
and 6, respectively. 

2. Literature Review 
2.1. SD & E 
2.1.1. Weak Sustainability (ANS or GS) 
Genuine Savings (GS) was established as a comprehensive indicator of sustaina-
bility in successive theoretical contributions—from early studies by Dasgupta 
and Heal [11], Solow [12], Stiglitz [13], and Hartwick [14] to more recent contri-
butions by Weitzman [15], Pezzey [16], and Dasgupta [17]. Empirically, Pearce 

 

 

1Net photosynthetic production means the accumulation of biomass in plants [3]. Photosynthetic 
production is the production of organic compounds from atmospheric or aquatic carbon dioxide. It 
may occur through the process of photosynthesis, using light as a source of energy, or through che-
mosynthesis, using the oxidation or reduction of chemical compounds as a source of energy. 
2EF was excluded for three reasons. One was that we could not find an appropriate methodology to 
obtain the yield factor and the equivalence factor required to calculate EF using our model. On the 
contrary, the potential NPP to use to calculate HANPP is scientifically evident, as it is determined by 
temperature and precipitation. Another reason not to use EF was that EF is most appropriate for 
high-resolution analysis, such as those conducted at the country or mesh level [6] [7]. In our model 
with ten large regions could not calculate and present EF for such a high spatial resolution. The third 
reason is that previous studies have already presented the future trends of EF [8] [9]. 
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and Atkinson (1993) [18] coined the term GS, succeeded by a series of contribu-
tions from Hamilton [19], Hamilton and Clemens [20], the World Bank [21] [22] 
[23], and Hanley et al. [24]. A detailed presentation of both theory and practical 
use of GS can be found in Hanley et al. [24]. 

GS is effectively the rate of change of the total wealth available in an economy. 
This total wealth is understood as comprehensive wealth, that is, the economic 
value of all the capital stocks with and without market value in a given economy. 
GS therefore integrates all of the changes (impacts) that alter the ability of an 
item to yield its services. 

GS is grounded in the standard utility theory; as a result, it is easily incorporated 
into the DICE model [25]. Intergenerational well-being, Vt, is expressed in Equa-
tion (2.1-1) by using instantaneous utility, Ut, and the utility discount rate ρ: 

( )( ) ( )e ds t
t tt

V U C s sρ∞ − −= ∫                  (2.1-1) 

“Sustainable development” as presented in the WCED report [26] can be in-
terpreted as a pattern of societal development along which intergenerational 
human well-being does not decline. Formally, development is sustainable if 
well-being is sustained over time, that is, dV/dt ≥ 0. 

Comprehensive wealth is defined in Equation (2.1-2), where Wt is compre-
hensive wealth valued using the shadow prices of the three capital stocks. Ge-
nuine Savings is then the rate of change of capital stocks, valued at their shadow 
prices, as shown in Equation (2.1-3). 

t t t
t t t t

t t t

V V V
W K H P

K H P
∂ ∂ ∂

= + +
∂ ∂ ∂

               (2.1-2) 

d d d
d d d

t t t t t t
t

t t t

V K V H V P
GS

K t H t P t
∂ ∂ ∂

= + +
∂ ∂ ∂

             (2.1-3) 

Two methods produce empirical estimates of the theoretical notions of “Ge-
nuine Savings” and “Comprehensive Wealth.” The first method, Genuine Sav-
ings, which is outcome based, is used by the World Bank, while the second me-
thod, Comprehensive Wealth, which is capability based, has been used by the 
UN in a series of reports on inclusive wealth based on Arrow et al. [27]. See 
Hanley et al. [24] for more details. 

The merits of both approaches are now routinely debated in the literature, as 
exemplified by the 2012 special issue of Environmental and Development Eco-
nomics [27] [28] [29] [30] [31] and the 2014 special issue of the Oxford Review 
of Economic Policy (e.g., Hamilton and Hartwick 2014 [32]). Pezzey and Burke 
[10] offered a contribution that is quite close to the aim of this paper; they used 
the World Bank method but amended GS for the physical constraints associated 
with global warming and offered a more realistic estimation of the costs asso-
ciated with uncontrolled climate change. 

2.1.2. Carrying Capacity (HANPP) 
Attention was first paid to HANPP in the 1970s to raise the concern over exces-
sive human economic activities (Whittaker and Likens, 1973) [33]. Vitousek first 
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made HANPP popular with economic academicians and ecologists [4]; that work 
triggered many quantitative analyses for HANPP. However, the results differed 
widely because of the application of different mathematical definitions of HANPP. 
In the Special Issues of Ecological Economics in 2009, which included the paper 
by Erb et al. [5], HANPP was defined as the difference between the potential 
NPP and the actual level of NPP in land use, the same definition that Vitousek 
offered in 1986 [4]. 

NPP provides ecosystem services through agriculture and forestry, some of 
which can replace fossil fuel products (e.g., biofuels). Moreover, it also has a ca-
pacity to absorb exhaust emissions. NPP also serves as a buffer for waste prod-
ucts [5]. Since NPP is affected by changes in land use that have critical impacts 
on biodiversity, HANPP may be considered as a strong indicator of sustainabili-
ty; it can express natural capital that is hard to substitute with physical capital. 
HANPP also expresses resilience because it is related to the cycle of water, car-
bon, and nitrogen as well as the deposition of organisms in the soil that increases 
land productivity. 

2.2. Quality of Life 
2.2.1. The Well-Defined HDI 
The foundations of the capability approach taken by HDI are strongly rooted in 
philosophical notions of social justice; they focus on human ends and on respect-
ing an individual’s ability to pursue and realize personal goals. The HDI is the 
geometric mean of normalized indices for each of the three dimensions as a proxy 
of human development, namely, having a long and healthy life, being knowledgea-
ble, and having a decent standard of living. The health dimension is assessed by 
life expectancy at birth (LEB); the education dimension is measured by the mean 
of years of schooling (MYS) for adults aged 25 years and older and the expected 
years of schooling for children of school-entering age. The standard of living di-
mension is measured by GNI per capita. The HDI uses the logarithm of income to 
reflect the diminishing returns from increasing GNI. The scores for the three HDI 
dimension indices are then aggregated into a composite index using the geometric 
mean. This is illustrated in Equations (2.2-1) through (2.2-6) [34]. 

( ) ( ),Health index LEB 20 85 20j t= − −             (2.2-1) 

( )Education index EYS index MSY index 2= +         (2.2-2) 

where the EYS index (expected years of schooling) = ( ) ( ),EYS 0 18 0j t − −  (2.2-3) 

( ) ( ),MYS index MYS 0 15 0j t= − −              (2.2-4) 

( ) ( ) ( ) ( ), ,Income index ln GNI cap ln 100 ln 75000 ln 100j t j t = − −     (2.2-5) 

( ) ( ) ( ) 1 3
HDI Health index Education index Income index= ∗ ∗      (2.2-6) 

This mathematical expression has well-known limitations. One limitation is 
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the weighting among the three dimensions in applying the geometric mean; 
notably, that weighting the importance of the three dimensions implies is an ar-
bitrary value judgment. Because of this algorithm, HDI’s movements have 
tended to be dominated by changes in the GNI component, at least for devel-
oped countries (such as France and the United States) with high performance in 
the health and education domains. Another limitation is applying logarithm (or 
nonlinear) GNI/cap; it implicitly values an additional year of LEB in each coun-
try by its GNI/cap (the higher income like that in the United States has greater 
value than the lower income of India or Tanzania). 

2.2.2. Modified Quality of Life Indicator (QoLfa) 
To overcome shortcomings in the well-established HDI, a modified QoL indica-
tor is proposed [35] that applies a linear function composed of six variables with 
coefficient covering the three domains, namely, health (infant health rate (IHR) 
which equals the infant mortality rate (IMR)), improved water access (IWA), 
LEB, education (MSY), and the standard of living (GDP, GNI, both on a per ca-
pita basis). Unlike the arbitrary weighting in HDI, the factor analysis (FA) me-
thod enables us to derive the linear function with simultaneously generated coef-
ficients for the variables. The advantage in employing the equation is overcom-
ing the shortcomings of HDI, as described in Section 2.2.1. QoLfa can be charac-
terized as the nonlinearity among the different domains with arbitrary weighting 
that expands variables related to climate change (i.e., IWA), yet is still based on 
the philosophy of HDI. The equations are as follows: 

faQoL 0.828 MYS 0.918 GDP 0.925 GNI
0.913 IHR 0.910 LEB 0.685 IWA

∗ ∗ ∗

∗ ∗

+

+ + ∗

= +

+
       (2.2-7) 

faQoL 0.831 MYS 0.878 GDP 0.932 IHR
0.924 LEB 0.714 IWA

= + +

+

∗

+

∗ ∗

∗ ∗
       (2.2-8) 

omitting GNI term. 

3. Methodology 
3.1. The Model 
3.1.1. Representative Agent 
Our modeling strategy is based on an IAM, combining a RICE model for climate 
change assessment with the LCIA model (named LIME, life cycle impact as-
sessment method based on endpoint modeling [36] [37]. For a detailed descrip-
tion, see Tokimatsu et al. [38]. The world economy is divided into n regions, and 
each region j is composed of identical individuals, who maximize utility through 
the consumption of a composite good: 

( ) ( )

( )

1
,

,

,

1
1
log 1

j t

j t

j t

C
u c

c

η

η
η

η

−
≠

= −
 =

                 (3.1-1) 

where ( ),j tu c  is the per capita utility of consumption in region j at time t. The 
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parameter η  is the elasticity of the marginal utility of consumption3. The total 
regional utility, ( ),j tu c , is obtained by multiplying individual utility by ,j tP 4, 
the exogenously given population number for region j in time t. We then sum 
the regional total utility for all future time periods s over the time horizon T to 
obtain intertemporal well-being, ,j tV , shown in Equation (3.1-2). 

( ) ( )
, , ,

T s t
j t j s j stV P u c ρ −= ∑                  (3.1-2) 

where ρ  is the pure rate of time preference, reflecting how future generations’ 
well-being is taken into account. Each region is assumed to produce a single 
commodity, which can be used for either “generalized” consumption or invest-
ment as economic variables. The generalized consumption includes not only 
traditional market purchases of goods and services but also nonmarket con-
sumption, such as enjoyment of the environment. Finally, regional-level inter-
temporal well-being, tV  is maximized at the aggregate level via the function 

tW  in Equation (3.1-3): 

,max n
t j j tjW Neg V= ∑                   (3.1-3) 

where tW 5 is the objective function weighted sum of social welfare, ,j tV , for re-
gion j, t by Negishi weight, jNeg 6. The use of Negishi weights means that the 
distribution of well-being is kept constant over time, preventing convergence in 
consumption levels. 

3.1.2. Production 
Gross output is determined by a nested production function, with capital, labor, 
and natural resources as inputs: 

( ), , , , , , ,, , , , , ,j t j t j t j t j t j t j tF A K H EL NE M LR            (3.1-4) 

where ,j tA  is the exogenously given total factor productivity term, ,j tK  is physi-
cal capital, ,j tH  is human capital, ,j tEL  is electricity, ,j tNE  is nonelectric ener-
gy, ,j tM  denotes nonfuel mineral resources, and ,j tLR  denotes land resources. 

We assume that all transfers of production factors across regions happen 
through investment and divestment: there are no lump sum transfers of capital, 
making it effectively immobile. Physical capital accumulation and depreciation 
happen only through the usual equation of motion: 

( ), 1 , ,1j t j t j tK K Iδ+ = − +                   (3.1-5) 

where δ  is the annual rate of capital depreciation. In line with our representa-

 

 

3It also represents the curvature of the utility function, or the rate of inequity aversion, measuring 
the extent to which a region is willing to reduce the welfare of high consumption generation and to 
improve that of low consumption generation. 
4The given population number, ,j tP , is taken from the SSP-2 scenario in order to coherently analyze 
climate change mitigation. The number is the largest among the five SSP scenario families [39], 
somewhat higher than the UN’s [40] mid projection but still close to the central level compared with 
high and low projections. 
5t ≥ 0, with time steps of 10 years from 2010 to 2150. We use steps of ten years to give enough time 
for the changes to happen in real life, following the World Bank view on wealth accounting. 
6The Negishi technique is referenced from Nordhaus and Yang (1996) [41]. 
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tive agent assumption, we take population growth and technological change to 
be exogenous. Technological change in the model is divided in two parts: the 
exogenously given TFP and the evolution of the mix of inputs used in the pro-
duction process. 

( ), 1 , ,1j t j t j tA A τ+ = +                    (3.1-6) 

where ,j tA , the TFP, is determined every period based on the exogenous TFP 
growth rate, ,j tτ . Capital accumulation and natural resource inputs are then 
determined by maximizing the discounted utility flow over time constrained by 
the technology mix (the production function). Net output is then given by: 

, , , , j t j t j t j tY F TC EXT= − −                  (3.1-7) 

The net output Equation (3.1-7) ties together the three components in Figure 1: 
The macroeconomic model in the red box determines gross output, based on 

the cost of resource acquisition, ,j tTC , as determined in the blue box. Available 
output is then reduced by an estimation of the external cost of production, 

,j tEXT , which is determined by the LCIA model (yellow box) to get net output, 

,j tY . Further details on ,j tTC  and ,j tEXT  are provided below. There is inter-
regional trade of the final good, and trade is not balanced. Thus, the accumu-
lated trade surplus/deficit of each region is not necessarily zero in any period, 
including the final period. The budget constraint for the representative agent in 
each region is therefore: 

, , , , ,j t j t j t j t j tY C I M X= + + −                 (3.1-8) 

With the imports, ,j tM , and the exports, ,j tX , interregional trade is then 
balanced globally, by the next equation: 

, ,
n n
j t jj j tM X=∑ ∑                     (3.1-9) 

 

 
Figure 1. The structure of the model. 
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Because trade is not constrained by a requirement to be balanced at any time, 
exogenous constraints reflecting the feasible evolution of consumption and in-
vestment are imposed every period for every region j. The net output is allocated 
between generalized consumption ,j tC , and investment in physical capital, ,j tI , 
in a way that maximizes the aggregate (world level) well-being, tW . The level of 

,j tY  that is selected is associated with a cost and a level of environmental impact 
in the blue and yellow parts of the model. 

3.1.3. Costs of Production 
The total cost of production, tTC  comes from the three models of resource 
balance in the blue box (Figure 1). These models tie together supply and de-
mand to generate inventories. These inventories are then used as factor endow-
ments in the production function ( , , , ,, , ,j t j t j t j tEL NE M LR ), while their direct 
cost of extraction/production is accounted for in tTC  (see Equation (3.1-10)). 
The climate model is adapted from the RICE 2010 model [42]. Descriptions of 
the energy model, the mineral model, and the simplified land use for biomass 
and food model can be found in our previous contributions [43] [44] [45]. 

For simplicity, each model generates one final total cost, which is the product 
of cost minimization using dynamic linear programing. In Equation (3.1-10), 

, j tFC  is the production cost of fuel, ,j tNFC  is the cost of nonfuel resources, 
and ,j tLC  is the cost of land resources. Formally, 

, , , ,j t j t j t j tTC FC NFC LC= + +                (3.1-10) 

The external cost of production, tEXT , comes from the LCIA model, LIME3, 
shown in the yellow box in Figure 1. While the overall cost of extraction, ,j tTC , 
is a direct consequence of the demand for natural capital, there are other impacts 
associated with environmental degradation. These impacts are determined against 
endpoints ,j tEP  that represent the societal goals associated with sustainability. 
The inventories generated by the resource balance models form the basis of the 
impact assessed here. The external cost is computed as: 

, , , , , ,  j t j t j t j t j t j tEXT MWTP DR Inv MWTP EP⋅= =∑ ∑ ∑      (3.1-11) 

The external cost is best understood as a stock/impact/value relationship. 

,j tInv  (stock) represents inventory releases, which can be expressed as a func-
tion of tP  (e.g., CO2 emissions via transformation of energy resources stock 
changes, land cultivation and waste disposal by mining, and disposal of mineral 
resources). ,j tDR  (impact) is a function to express the dose-response relation-
ship (or cause–effect chain) [46]-[52] that relates the damages at the four end-
points to their causes, expressed as ,j tInv 7. 

 

 

7Three examples are provided as illustration. The impacts of global warming on human health are 
expressed by the relative risk increase due to a rise in the global mean temperature (T(t)) [48]. The 
economic impacts of land loss by sea level rise (SLR) (SLR(t)) are similar to those assessed by Fank-
hauser [53] and Tol [54]. Land use and land-use change are caused by biomass and food production, 
which can be expressed generally as LU(t). T(t) and SLR(t) are obtained from the same formulations 
in RICE 2010: total carbon emissions from fossil fuel combustion in energy systems [43], carbon re-
leased from land-use change [44] and exogenously given non-CO2 GHGs. 
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0MWTP  is a set of marginal willingness to pay (MWTP) associated with the 
endpoints. We use MWTP instead of estimating a damage function because an 
estimation of an aggregated function is ill-suited to our disaggregated modeling 
structure. See Itsubo et al. [37], Tokimatsu et al. [55], Murakami et al. [56] and 
Kolstad et al. [57] for more details. 

3.2. Data and Calibration 

The discrete time step of the model is 10 years, and 10 regions are included: 
North America, Western Europe, Japan, Oceania, China, Southeast Asia (the 
Association of Southeast Asian Nations (ASEAN) member countries, plus In-
dia), the Middle East and North Africa, sub-Saharan Africa, Latin America, and 
the former Soviet Union and Eastern Europe. The population is assumed to be 
composed of representative agents, with the size estimations based on UN pro-
jections from the Shared Socioeconomic Pathways (SSP)-2 scenario [39]. Popu-
lation data ( ,j tP ) and the reference level ( ,j tY ) of the GDP scenario are taken 
from the SSP database (version 0.9.3) [58], in which IIASA-WiC population and 
OECD GDP are applied. 

Regarding the labor population ( ,j tL ), we computed the population rate at 
each time period for each region, based on a medium-scenario population pro-
jection by the United Nations [40] [59]. We subsequently multiplied these fig-
ures by the population data ( ,j tP ). Calibration data for C, I, Y, M, X, in 2010 and 
δ (set from 7% to 18% per annum) for the respective regions were obtained from 
the World Development Indicators (WDI) [23] and the Global Trade Analysis 
Projects (GTAP) database (Purdue University, 2015) [60]. 

The setting of the initial K value was obtained from the RICE 2010 model 
[42]. We used a nested CES production function inspired by Berndt and Wood 
[61] and Manne and Richels [62] in a departure from the usual specifications in 
RICE-99 or RICE-2010 [42] [63]. 0MWTP  was derived from the discrete choice 
experiments used in environmental valuation, and those data were obtained 
from both face-to-face and Internet surveys in G20 [37] [56] and Asian countries 
[55]. 

The utility discount rate, ρ, is assumed to be 1.5% per annum, in the lower 
end of the range in the literature (0.1% - 5%) [64] [65] [66] [67]. Capital depre-
ciation was set as.07 to.18 depending on the region. Since the time period of our 
model is assumed to be 10 years, we used the tenth power of the annual rate in 
the equation. 

TFP was calibrated from data sources to fit the scenarios (level of production). 
The form of function φ  is increasing but diminishing in rate ( d d 0Sφ φ′ = > ,

2 2d d 0Sφ φ′′ = < ), where φ  equals 0 when S is 0. Here, φ′  denotes the mar-
ginal income increase by additional education attainment, corresponding to the 
coefficient (rate of return); φ′  was determined using data from various studies 
[68] [69] [70] [71] [72] [73]. 

We did not follow DICE 2013 for the initial values for the TFP level ( ,0jA ) 
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and growth rate ( ,j tτ ). We calibrated the TFP growth rate based on the future 
baseline scenario (SSP-2) to obtain feasible solutions for computation. In some 
sections, we applied historical data from Klenow [73]. We calculated the TFP to 
determine not only ,0jA  but also the values over the time horizon from the re-
sults of the SSP-2 scenario. 

First, we obtained ,j tA  from the solution of Equation (3.1-7), shown here in 
expanded form: 

( ) ( ), , , , , , , , , , ,, , , , , ,j t j t j t j t j t j t j t j t j t j t j tY A K H EL NE M LR FC NFC LC= − + +   (3.2-1) 

where ,j tY  is the GDP of SSP-2 and the other selected variables are endoge-
nously calculated in the model. Subsequently, regression analysis was conducted 
from the obtained variable ,j tA , to derive the initial level ( ,0jτ ) and the decline 
rate of the TFP. The derived TFP is given as a constant parameter throughout 
our simulations. 

3.3. Scenarios 

The model as presented so far is the baseline scenario. In this setting, all exter-
nalities are internalized, and all of the parameters are set at their base level. This 
is called the economically efficient scenario (Eeff). The incentives to reduce CO2 
emissions are based on their direct and indirect cost through ,j tTC  and ,j tEXT . 
Next to the baseline, we define a business as usual (BAU) scenario. Under BAU, 
the externalities associated with the endpoints have not been taken into account 
by the social planner; therefore, , 0j tEXT = . Then, the budget constraint in 
3.1-8 becomes: 

, , ,j t j t j tY F TC= −                      (3.3-1) 

Our third and fourth scenarios are based on opposite trajectories for carbon 
emissions. The CO2 double scenario (CO2) is obtained by adding the cumulative 
emissions from 2010 to 2150 of the WRE-550 scenario [74], resulting in an at-
mospheric concentration of CO2 of 550 ppm. The zero emission scenario (ZERO) 
implements the 2-degree Celsius (DC) target, imposing cumulative emissions of 
zero over the time horizon. This is made possible by allowing positive emissions 
over the coming several decades that would be balanced out by negative emis-
sions in the latter half of the century. 

3.4. Calculating Indicators 
3.4.1. GS 
We then computed GS ex post following the method used by the World Bank 
[22]. The method focuses on the definition of comprehensive investment as: 

( ) ( ), , , , , , , , ,j t j t j t j t j t j t j t j t j tGS I K Im Ie MWTP EP SP Invδ− + + − ⋅−= ⋅∑ ∑  (3.4-1) 

In line with the theoretical definition in Equation (2.1-3), GS is the rate of 
change in capital stocks, at current shadow prices. ,j tI  is investment in physical 
capital, ,j tKδ  is the depreciation of physical capital, ,j tIm  is investment in 
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health capital8, ,j tIe  is investment in human capital, , ,j t j tMWTP EP⋅∑  is the 
depletion of exhaustible resources (natural capital), and , ,j t j tSP Inv⋅∑  is the 
indirect impact on the well-being of natural capital depreciation (environmental 
degradation). These values are calculated from simulation results using the fol-
lowing formulas: 
• , ,j t j tI Kδ−  was determined by Equation (3.1-5); 
• ,j tIm  was estimated using a power function defined using the World Devel-

opment Indicators (WDI). GDP values were then entered into that function 
to estimate the value of investment in medical expenses per capita. This per 
capita value is then multiplied by the population size in time t to obtain the 
total investment value; 

• ,j tIe  was estimated using a linear function defined using WDI. The ,j tY  val-
ues were then entered into that function to estimate the value of investment 
in education per capita in year t. This per capita value was then multiplied by 
the population size in time t to obtain the total investment value; 

• ,j tInv  was the natural resource stocks and inventories obtained from the 
LIME3 and RICE components of our model. 

The shadow prices associated with produced, human, health, and natural cap-
ital were the optimal prices obtained from our model. The ,j tSP  prices were 
computed as the rate of change in global well-being when the relevant inventory 
varies, over the change in well-being when consumption varies where ,j tInv  
was also taken straight from the model results as in Equation (3.1-11). 

, ,
,

, ,

j t j t
j t

j t j t

W Inv Winv
SP

W C WC
∂ ∂

≡ =
∂ ∂

                (3.4-2) 

We have two sets of shadow prices, ,j tMWTP  and ,j tSP , for the two types of 
natural capital flows: direct flows from inventories and indirect flows from end-
points. We did not compute shadow prices for produced and human capital; in-
stead, we directly added the full investment value. Our GS estimates were com-
puted based on a 10-year step. 

It should also be noted that due to the structure of the model, only 

, ,j t j tI Kδ−  was derived directly from the optimization process. The other in-
vestment values were subtracted from the final level of consumption, based on 
net output. 

The intuition was as follows: the representative agent set the level of net in-
vestment in produced capital which yielded the available produced capital stock 
in t ,j tK . During this first step, a gross level of consumption was set, from 
which investment in human capital and health capital should be deducted. The 
agent has no control over this lump sum subtraction to gross consumption, be-
cause the amount is exogenously set, proportionally to ,j tY . The actual value of 
consumption is this net amount. 

We can now define Genuine Savings as the rate of change in total wealth, by 

 

 

8This stock and the respective investment are added in our computations to the World Bank me-
thodology based on the suggestion of Arrow et al. [27]. 
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first computing total wealth using the World Bank [22] method: 

( ) ( )/
, , e d

T s tOB WB
j t T jt

W C t sρ− −= ∫                 (3.4-3) 

where ρ  is equal to 1.5 and C is defined as sustainable consumption, that is C 
minus ,j tIm  and ,j tIe . Gross genuine savings is therefore: 

( )
, 1,

/
, 1 , 1 , 1 , 1 , 1 , 1 , 1 , ,  

j t T

OB WB
j t j t j t j t j t j t j t j t T

W

I Im Ie K MWTP EP EXT Wδ

+

+ + + + + + +
 ⋅

∆

− = + + − −∑
 (3.4-4) 

This shows how wealth has increased between t and t + 1. We then adjusted 
this rate of change for population growth and technological progress (both ex-
ogenous in our model): 

[ ], 1 , 1 , 1 , 1Δ Δ %j t j t j t j tWnt W p tτ+ + + += − +             (3.4-5) 

With , 1j tp + , the population growth rate9, and , 1j tτ + , the technological progress 
growth rate, , 1j tWnt ±∆  is the notation for the final fully adjusted rate of change 
in wealth, or the “GS rate.” 

3.4.2. HANPP 
The denominator of HANPP is the potential NPP, determined by temperature 
and precipitation [75]. The numerator of HANPP is NPP consumption by hu-
man activities. NPP consumption includes the direct and indirect consumption 
of foods, trees, and their residues, as well as the potential loss of NPP due to land 
use and land-use change (LU and LUC), caused by resource production activi-
ties. The three levels of NPP in the numerator in HANPP were provided in the 
papers by Erb [5] and Vitousek [4] as follows: 
• Low estimate: Direct consumption (demanded quantity) of agricultural prod-

ucts (i.e., rice, wheat, corn), wood (i.e., logs, wood pulp, timber/boards, pa-
per), and seafood eaten by humans and livestock; 

• Middle estimate: The harvested amount from agricultural land, grassland, 
forests, etc., that produces the direct consumption (i.e., low estimate). This 
level is calculated as the sum of the direct consumption and conversion loss 
(unused residuals); 

• High estimate: This is the sum of the middle estimate and the potential loss 
of NPP due to LU and LUC. 

Direct consumption for the low estimate and the conversion loss in the mid-
dle estimate were calculated using our simplified land-use model. The potential 
NPP by 2100 that is needed to calculate the high estimate was obtained from the 

 

 

9As population enters both the maximum and the production function in the macroeconomic mod-
el, GS should be adjusted [17]. The literature offers two methods for this. First, Ferreira et al. (2008) 
[76] consider future population growth as a form of capital loss, as future total wealth should be di-
vided among a larger number of individuals. GS are amended two ways to make up for the capital 
loss: a reduction of the discount rate and a wealth-based subtraction to the gross GS rate. Second, 
Arrow et al. [27] consider exogenous population growth as one of the external dynamics of the 
economy, just like technological change. The GS amendment is then to subtract the population 
growth rate in t. As our production-based computation of GS savings is the replica of the Arrow et 
al. [27] method, we use this adjustment. Note that our population growth rate is not constant be-
tween 10 years’ time steps, but it is constant within those 10 years’ intervals. 
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Chikugo model [75], and it requires temperature and precipitation obtained 
from MAGICC/SCENGEN [77]. The changes in potential NPP due to LUC were 
calculated by multiplying damage factors for LUC with area change by LUC en-
dogenously obtained from our land-use sub-model. This potential NPP is used 
as the denominator for the three estimates. 

It should be noted also that our model does not have as high a resolution as 
the country or grid level using GIS, as seen in papers from the Special Issue of 
Ecological Economics in 2009 [5]. Instead, our model depicts the HANPP trend 
in line with the optimal economic development path. 

3.4.3. HDI and QoLfa 
We followed the equations from (2.2-1) to (2.2-6) in which GNIj,t in (2.2-5) is 
substituted for ,GDPj t . ,LEB j t , ,EYS j t , and MYSj,t were expressed by the semi-
logarithmic functions of GDPj,t/capj,t. The endogenously obtained GDPj,t was input 
into the functions to calculate the HDIj,t where j corresponds to the global level. 

Similar functions in Equation (2.2-2) were derived for QoLfa (j, t) in (3.4-6) by 
factor analysis in each time step (i.e., t = 2010, 2020, …, 2100), as expressed by 
Equation (3.4-6), from which a simple average is applied to indicate the global 
level. Similar semilogarithmic functions of GDPj,t/capj,t were also applied to 
IHRj,t and IWA (j, t). 

( )
fa , MYSt , GDPt , IHRt ,

LEBt , IWA ,

QoL MYS GDP IHR

LEB t IWA
j t j t j t j t

j t j t

a a a

a a

= ∗ + ∗ + ∗

+ ∗ + ∗
     (3.4-6) 

4. Results 

Figure 2 shows the trajectories of the five indicators under the four climate  
 

 
Figure 2. Future paths of all the five indicators under the four climate mitigation policy. 
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mitigation policies. It is apparent that some scenarios show extreme changes, 
while others are less sensitive. The GDP loss shows a plausible trend along with 
the mitigation efforts: the more stringent, the larger loss. After confirming our 
model’s behavior as a departure to examine the results, GSnt also shows the 
economically efficient path (denoted as Eeff) has the highest positive value, fol-
lowed closely by the CO2 path. Furthermore, the business as usual line is far less 
level than those the prior two, while the ZERO scenario is collapsing to a nega-
tive level due to the rapid increase in various shadow prices; this suggests that 
the world might not accommodate such dramatic changes. HDI also shows a 
slight difference with consistent but not surprising trajectories: a higher GDP 
leads to higher HDI because its components are expressed as a function of per 
capita GDP. Unfortunately, our QoLfa has some difficulty in explaining the tra-
jectory. The relative “rankings” of the global average among the ten regions are 
unclear because the global average shown in the figure is pulled down by the 
massive population in Southeast Asia and sub-Saharan Africa. Figure 3 and 
Figure 4 illustrate their changing rates versus CO2 growth rate (Figure 3), while 
Figure 4 shows both reduction rates from the baseline. 

5. Discussion 

The model in this study is original; it diverges from similar studies and high-
lights the significance of applying multiple indicator dimensions, namely, “clas-
sical” GDP loss, SD & E in both WS (i.e., GS) and SS (e.g., HANPP), and QoL 
(e.g., HDI). Comparable studies explore future paths over the century of HDI by 
the World 3 model and the GS estimate by Pezzey and Burke [10]. 

Pezzey and Burke [10] modified the damage function in the DICE model to  
 

 

Figure 3. Changes in the four indicators with the four policies. 
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Figure 4. Reduction rate of the four indicators with the reduction rate from the baseline. 
 

make a precautionary approach, with a similar aim as the 2-degree Celsius tar-
get; however, it did not show the trajectory of GS over time, but rather, it derived 
SCC (the current discounted marginal value of CO2), substituting the “environ-
mental degradation” term in calculating GS. 

No study has illustrated the future paths of those (or similar) indicators in SD 
& E and QoL simultaneously (the World 3 model illustrates EF and HDI), and 
the literature on CCM mostly focuses on GDP loss. In this sense, this study is 
significant because it simultaneously illustrates multiple indicator dimensions. 

We believe this work has three contributions. First, in contrast to the World 
model by the Limits to Growth, our model has an economic foundation that in-
troduces GS. Nordhaus and Gordon criticized the World model because it lacked 
an academic foundation, especially economic theory and mineral resource data. 
This shortcoming, however, has been overcome by our modeling approach. The 
simulation technique (i.e., systems dynamics) employed by the World model 
“forecasted” the trajectories of “the economy”, “HDI”, “pollution”, and “popula-
tion”. The nature of that technique nature led to “overshooting”, leading to dis-
mal outcomes. Compared to this, our model and GS are grounded by economic 
theory in a normative way (i.e., maximization of discounted utility flow). 

Second, while the Stiglitz report simply extrapolates the current GS trend, we 
calculate the future trajectories of SD indicators based on a sophisticated IAM, 
as described above. Third, while the RICE model seeks the optimal climate policy 
in the sense of cost-benefit analysis, our model introduces SD indicators to assess 
climate policies. Nordhaus, the developer of the series of DICE/RICE models, had 
developed models for energy technologies [78] and copper [79]. Our IAM also in-
cludes state-of-the art models for energy, minerals, biomass and foods, in addition 
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to an impact assessment model (i.e., LIME3) with dose-response (or cause-effect) 
functions in a bottom-up manner, contradicting the top-down aggregated damage 
functions. 

6. Concluding Remarks 

Our modeling exercise shows that we were not fully successful in operationaliz-
ing the QoL indicators for climate policy assessment because the trajectory of 
HDI is well synchronized to GDP level, and our original indicator QoLfa shows 
unexplainable behavior. The behaviors seen in SD & E indicators (GS, HANPP) 
are easier to interpret than QoL indicators, while GDP is the easiest to interpret. 
The paths suggest suitable operationalization for climate policy assessments in 
the current-day situation. Investigations on the choice and development of indi-
cators, however, still do not fully respond to the social demands indicated in the 
Stiglitz report. Indicators for assessing climate policies are not yet operationa-
lized. 
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Appendix: A List of Notations 

Exogenous data A Total factor productivity (TFP), used as a calibration factor, similar to the Solow residual 

L Labor force (population aged 15-64) 

Neg Negishi weight 

P Population 

Y  Reference GDP from marker scenarios of Shared Socioeconomic Pathway (SSP) 

Endogenous variables C Aggregate consumption 

c Aggregate consumption per capita 

EL Electricity 

EXT Environmental external cost 

F Production function 

FC Cost of fuel minerals (energy) supply chain 

GS Genuine Savings 

H Aggregate stock of human capital 

I Investment in the physical capital 

Inv Inventories like CO2, SOX, NOX, extraction and disposal of non-fuel minerals, and land cover change 

K Aggregate stock of physical capital 

LC Cost of land use and land use change with food and biomass supply chain 

LR Land resources 

M Non-fuel mineral resources 

NE Non-electric energy resources 

NFC Cost of non-fuel minerals supply chain 

s time for integration 

S Average education years 

SP Shadow prices of all capital forms 

t continuous time 

TC Total cost; sum of FC+NFC+LC 

U Aggregated utility 

u per capita utility 

V Social welfare, inter-temporal well-being 

W Global social welfare, comprehensive wealth 

WOB/WB Wealth accounted by adjusted consumption, outcome based (OB) by the World Bank Group 

X Mined products input to processing 

Y Net output 

Constant parameters DR Damage factors expressing Dose-Response relations in the lifecycle assessment model LIME 

MWTP Weighting factors derived from marginal willingness to pay (MWTP) in LIME 

T Time to sum over years to obtain intertemporal well-being 

δ Annual rate of physical capital depreciation, set as 0.07 - 0.18 

η Elasticity of marginal utility of consumption, default set as 1.5 

φ  Individual human capital stock by education 

ρ Pure rate of time preference, default set as 0.015 

τ TFP growth rate 
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