Appendix:
The mathematical description of the RICE2020 model in discrete form.
I.	The RICE2020 model as a social planner’s problem (efficient solutions fully internalize climate externality):
1. The objective function of the social planner that is subject to the constraints (A-2) to (A-17):

           
2. The economic module (regional Solow growth model with embedded economy-climate interaction):
	Definition of utility function:

            
	Definition of per capita consumption:

	 
	Aggregate production function without climate damage and mitigation cost:

	 
	Aggregate production function including climate damage and mitigation costs:

	 
	Net GDP identity:

	 
	The motion equation of Capital formation:

	 
3 Carbon emission and economy-climate linkage module:
	Industrial carbon emission equation:

	 
	Total regional carbon emission:

	  
	Global carbon stock constraint:

	 
	Climate to economy adjustment function:

	 
4 Carbon cycle module:

	 

	

	

	

	

	
II.	The RICE2020 model as a non-cooperative Cournot-Nash game (inefficient and unique Cournot-Nash equilibrium):          

	
s.t. constraints (A-2) to (A-17) except for (A-12) that is revised as:

	 
III. 	The RICE2020 model’s Nash bargaining problem and the determination of the Lindahl social welfare weights:




	s.t.  (A-2) to (A-17).  

[bookmark: MTBlankEqn]	 is the payoff of problem II. 
	Calculation of the Lindahl weights:


	W*(n) is the regional payoff of problem III.

	The Definition of notations and symbols in I and II:
Definitions of sets:
	n --- regions; 	t --- time (in discrete steps, 5-year a period).
Definition of the objective functions:
	W, Vn, V --- in I,  II, III respectively.
Definitions of control variables and state variables:
(a) Control variables (underneath “Max” in (A-1) and (A-18)):
	I(n,t) --- investment of regions; (trillions of 2015 U.S. dollars)
	μ(n,t) --- carbon control rates of regions. (in percentage, maybe greater than 1 if carbon sequestration technology is allowed)
State variables:
	U(c(n,t)) --- instantaneous payoff functions of regions; (in scalable and nontransferable “utils”)
	C(n,t) --- consumptions  of goods and services of regions; (trillions of 2015 U.S. dollars)
	c(n,t) ---  per capita consumptions; (thousands of U.S. dollars per person)
	K(n,t) --- capital stocks of regions; (trillions of 2015 U.S. dollars)
	Q(n,t) --- output of goods and services of regions, gross of abatement and damages; (trillions of 2015 U.S. dollars)
	Y(n,t) ---  output of goods and services of regions, net of abatement and damages; (trillions of 2015 U.S. dollars)
	EInd(n,t) --- industrial carbon emissions by regions; ( billions of metric tons C per period)
	E(n,t) --- total carbon emissions by regions; (billions of metric tons C per period)
	
	Ω(n,t) --- gross-net output converting factor
	MAT(t), MUP(t), MLO(t) --- carbon concentration in atmosphere, upper oceans and deep oceans respectively; (billions of metric tons C at the beginning of each period) 
	TAT(t), TLO(t) --- global mean surface temperature and temperature of upper oceans (°C from 1900)
	F(t) --- total radiative forcing; (watts per m2 from 1900)
Definitions of exogenous trends:
	A(n,t) --- total factor productivity of regions; (productivity units)
	L(n,t) --- population and proportional to labor inputs of regions; (billions)
	ELand(n,t) --- carbon emissions from land use; (billions of metric tons C per period)

	 --- ratio of uncontrolled industrial emissions to output; (a proxy for AEEI)
	FEX(t) --- exogenous radiative forcing; (watts per m2 from 1900)
Definitions of parameters:
	φn --- social welfare weights;

	--- elasticity of marginal utility of consumption; (pure number)
	ρ --- pure rate of social time preference (per year)

	 --- maximum consumption of fossil fuels (billions metric tons carbon)

	 --- elasticity of output with respect to capita (pure number)
	δK --- rate of depreciation of capital (per period)

	 --- temperature-forcing parameter (°C per watts per meter squared)

	  --- parameters of the carbon cycle (flows per period)

	  --- parameters of climate equations (flows per period)

 	 = parameters of damage function 
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