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1. Introduction
1.1 Overview
The energy model combines a growth process in production with a partial equilibrium process.  The energy model automatically replaces the energy sector in the full economic model unless the user disconnects that linkage. 

For energy, the partial equilibrium structures have distinct demand and supply sides, using price to seek a balance.  As in the economic model, however, no effort is made to obtain a precise equilibrium in any time step.  Instead stocks serve as a temporary buffer and the model again chases equi​librium over time.
Gross domestic product (GDP) from the economic model provides the basis for energy demand calculations. Energy demand elasticities tend, however, to be quite high.  Thus the physical constraints on the supply side are terribly important in determining the dynamics of the energy model.

IFs distinguishes seven energy production categories: oil, natural gas, coal, hydroelectric, nuclear, other renewable, and unconventional hydrocarbons.  IFs computes only aggregated regional or national energy demands and prices, however, on the assumption of high levels of long-term substitutability across energy types and a highly integrated market.  The model also conducts energy trade only in a single, combined energy category.  On the production side IFs treats the seventh energy category, unconventional oil, separately from the other six and creates special linkages to the conventional oil.  Equations refer only to the first six categories unless otherwise noted.

1.2 Dominant Relations
Energy demand (ENDEM) is a function of GDP and the energy demand per unit of GDP (ENRGDP). Energy production (ENP) is a function of capital stock in each energy type and the capital/output ratio (QE) for that energy type. The capital/output ratio is, in turn, heavily shaped for fossil fuels by the level of reserves (RESER).
The following key dynamics are directly linked to the dominant relations:

Energy demand per unit of GDP depends on the GDP per capita and energy prices, computed endogenously. The user can control demand dynamics via an energy demand multiplier (endemm), a temporal trend in efficiency of energy use (enrgdpgr), the elasticity of demand with prices (elasde), and exogenous carbon taxes (carbtax).

The model user can control energy production directly with enpm. Energy capital depends on endogenously determined, cost-responsive investment rates that the user can influence in the aggregate (via eninvm). The model can control the capital/output ratio directly (qem), and indirectly via assumptions about annual, technologically-driven changes in energy production cost (etechadv). Resources depend on discovery rates (exogenously influenced by rdm) and ultimate resource assumptions (exogenously specified initially as resor). 

The larger energy model provides representation and control over energy trade and some ability to directly influence price levels, including the specification of a “cartel premium.”
1.3 Structure and Agent System 
	System/Subsystem
	Energy

 

	Organizing Structure
	Partial market

 

	Stocks
	Capital, resources, reserves

 

	Flows
	Production, consumption, trade, discoveries, investment

 

	Key Aggregate Relationships
(Illustrative, not comprehensive)
	Production function with exogenous technology change;

Energy demand relative to GDP;

Price determination

 

	Key Agent-Class
Behavior Relationships
(Illustrative, not comprehensive)
	Government taxes, subsidies


2. Flow Charts

This section presents several block diagrams that are central to the energy model: an energy system overview, energy production and energy consumption.
2.1  Energy Overview
The production growth process in energy is simpler than that in agriculture or the full economic model.  Because energy is a very capital-intensive sector, production depends only on capital stocks and changes in the capital-output ratio, which represents technological sophistication and other factors (such as decreasing resource bases) that affect production costs.

The key equilibrating variable is again inventories.  It works via investment to control capital stock and via prices to control imports, exports, and domestic consumption.  

Specifically, as inventories rise, investment falls, restraining capital stock and energy production, and thus holding down inventory growth.  And as inventories rise, prices fall, thereby decreasing imports, increasing exports, and reducing domestic consumption, all of which hold down or decrease inventories. (The flowchart appears on the following page).
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Given country/region prices, it is possible to compute world energy prices (WEP).  Similarly, we can compute world energy stocks (WENST).

2.2  Energy Production Detail
Energy production is most simply a function of the capital stock in energy, perhaps modified by external scenario.  The user can use one of three external scenario approaches: a direct multiplier on production, specification of the rate of growth in energy production, or modification of the capital-output ratio for an energy type (either regionally or globally).  The modification of the capital-output ratio both affects immediate production and longer-term investment patterns.  

Reserves also affect/limit energy production. The reserves themselves depend on discoveries, which in turn depend on remaining resources.  The user can intervene with a discovery multiplier or with a resource multiplier.

Given country/regional production, reserves, and resources, it is possible to compute world totals of each (WENP, WRESER, and WRESOR).

Investment or growth in the capital stock is driven heavily by energy profits and inventories (unless the user intervenes with a scenario multiplier), and constrained by the energy reserves available in each specific energy sector
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2.3  Energy Consumption Detail
Energy demand is primarily a function of energy price, economic development level (energy demand per unit of GDP rises initially and falls with further development), and the overall size of GDP.   The user can intervene to introduce scenarios influencing energy demand.  

Energy demand/consumption translates directly into carbon dioxide emissions and therefore long-term levels of atmospheric carbon dioxide.
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3. Equations

This section will present and discuss the equations that are central to the functioning of the energy model: supply, demand, trade, stocks, price, investment, economic linkages, capital, natural resources and energy indicators.

3.1 Energy Supply
The computation of energy production (ENP) is considerably easier than that of gross sectoral production in the economic model or of agricultural production in the agricultural model.  Only capital is important as a factor of pro​duction (not labor, land, or even weather).  Energy production is the quotient of capital in each energy category (KEN) and the appropriate capital-to-output ratio (QE).  The model user can modify a multiplier to this ratio (QEM) to represent changes in technology.  The capital-to-output ratio is itself a function of resource availability (see energy equations resourcesEnergy_Equations_Resources ).  Known reserves (RESER) pose a direct con​straint on production, however.  Specifically, the reserve-to-production ratio may not fall below a specified factor (PRODTF).  In the case of oil and gas, for example, no more than about 10% of known reserves can be produced in a given year. (This is similar to the assumption of the Stanford Pilot Model, Stanford University, 1978).  Within the reserve constraint, the user can force increases or decreases in production via an energy production multiplier (ENPM).  A capacity utilization factor (CPUTF) also affects the production level.
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The real dynamics of supply in IFs occur in energy investment, to be discussed below.  In representing investment dynamics IFs differs from most energy models; the approach here is similar to that of Naill (1977).

Once production is computed it is possible to compute a world average price (WEP), weighted by energy production (ENP) in each category and each region.
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3.2 Energy Demand
 Basic total energy demand (BENDEM) for a given region or country is tied very closely to gross domestic product (GDP).  IFs actually uses GDP from a previous time cycle (with an estimate of growth) because the recursive structure of IFs computes current GDP later.

The units of energy required for every unit of gross domestic product (ENDK) are a function of GDP per capita in purchasing power terms (GDPPCP), computed in a table function. 
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Initial data from countries/regions is unlikely to fall exactly on this table function initially.  To reconcile computed energy demand (ENDEM) the first year with empirical demand, IFs computes an internal adjustment multiplier (ENDM).  In addition, IFs moves countries or regions that initially exhibit energy demand per unit far from the table function value (e.g., Russia), towards the table function value over the long term (a process that the equations do not show).  
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Final energy demand (ENDEM) is a price-responsive function of this basic energy demand.  Possible tax on the consumer’s price added by carbon taxes (CarTaxEnPriAdd), as computed in the environmental submodel,Greenhouse_Effect_and_Climate_Change  is added to the basic market price.  In an earlier version of the submodel, we used a smoothed or moving-average, regionally-specific energy price (SENPRI) relative to the initial price value (ENPRI).  Because energy is a quite highly integrated global market, and in order to enhance behavioral stability, we have gone to using the world energy price (lagged one year) relative to initial price; prices affect demand through an elasticity (ELASDE).  The user can force change in energy demand directly via an energy demand multiplier (ENDEMM).
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3.3 Energy Trade 
Energy export capacity (ENXC) is a moving average portion (XKAVE) of total energy production. 
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The energy import demand (ENMD) is a moving average portion (MKAVE) of demand (ENDEM).
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Because of the frequent use and importance of government trade restrictions in energy trade, model users may want to establish export or import limits (ENTL) exogenously in the determination of basic energy exports (BENX) or imports (BENL).
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World energy export capacity (WEXC) and import demand (WEMD) are simply sums across regions.
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These will always be somewhat different.  Actual world energy trade (WET) is taken as the average of the two.


[image: image15.wmf]2

WEMD

+

WEXC

=

WET

 


Actual energy exports (ENX) or imports (ENM) will thus need to be adjusted relative to capacity or demand.  This adjustment normalizes exports and imports to the total of global energy trade.
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IFs can now update the moving average export (XKAVE) and import (MKAVE) propensities for the next time step.  This requires historic weights for exports (XHW) and imports (MHW).
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3.4 Energy Stocks
IFs increments basic energy stock levels (BENST) every year by production (ENP) and imports (ENM) and decrements them by demand or consumption (ENDEM) and exports (ENX).
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This is the basic stock level only because the actual stock value (ENST) cannot go negative.  If the basic stock level is negative, stocks are set at zero and a shortage (ENSHO) exists.  If the basic stock level is positive there is no shortage and stocks equal the basic level.
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The energy shortage enters the economic model in the calculation of gross sectoral production.

3.5 Energy Prices
The global energy market is a highly integrated one.  Thus regional prices are strongly affected by global ones.  In this energy model we assume that changes in prices over time are determined largely by two factors:  (1) long-term changes in the global capital costs of energy production and (2) regionally-specific levels of energy inventories or stocks (which determines a regionally-specific “markup” factor.   

World production costs (WCOST) per unit of production depend on the capital investment in energy across energy categories, relative to the total production.  
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IFs uses both the first order stocks (immediate stock levels) and the second order stocks (the change in stocks over time), so as to smooth the markup response.  The base against which stocks are compared is primarily energy demand (for stability), modified when production initially exceeds demand by the ratio of initial production to demand (this formulation provides an adequate base for both importing and exporting countries).  IFs weighs first order stocks against a desired (DSTLEN) portion of the stock base.
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Putting together both cost information and price information, we can compute price.  An exogenous term allowing the user to introduce price pressure that might be exerted by an energy cartel (encartpp) is added.
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It is possible for the user to override this price calculation altogether.  Any positive value of the exogenous energy price specification (ENPRIX) will do so.
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There is a also a computation of capacity utilization in energy (CPUTF) that uses the same general structure as price change, but with different elasticities (elenpst, elenpst2).  In addition, the capacity utilization is smoothed over time.
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3.6 Energy Investment
Investment in energy is relatively complex in IFs, because changes in investment are the key factor that allows us to clear the energy market in the long term.  It is also different and perhaps slightly more complex in IFs than invest​ment in agriculture.  Whereas the latter involves computing a single investment need for agricultural capital, and subsequently dividing it between land and capital, in energy a separate demand or need is calculated for each energy type, based on profit levels specific to each energy type. 

We begin, however, by calculating a total energy investment need (TINEED) to take to the economic model and place into the competition for investment among sectors.  This investment need involves multiple factors.  The first is the historic (one-year lag) moving average of energy investment need relative to GDP; that is applied to current GDP in order to obtain the basic estimate of investment.  The second is a multiplier the represents the global level of energy stocks (MULWST).  The third is a multiplier that represents changes in the global energy demand level (MULENDEM).  The fourth is a multiplier that introduces changes in the global capital costs of energy production (MULKENENPR).  The fifth is another multiplier from global energy stocks, this one representing only the level of global stocks relative to desired ones. The sixth, and very important factor, is a multiplier that represents regionally-specific profit levels in the energy sector.  

The calculation further builds in a multiplier (ENINVM) with which users can shift investment patterns.
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This total investment need is prepared for the economic model (IDS) by adjusting it to the empirical initial condition for energy sector investment, using a parameter (SIDSF) calculated the first time period.
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The economic model will return a modified value of IDS, which can be reconverted to the actual investment in energy, across all energy categories (INEN).
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Back in the energy model proper, we must determine the demand for investment by energy type (INEED) and later allocate total investment (INEN) to the types.  The first step is to assume that investment by type will be roughly proportional to the existing capital stocks by type (KEN) and the initial ratio of investment to capital stock.  We then modify that by the sectoral energy return rate (EPROFITS) and an energy supply elasticity (ELASS).
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The initial investment need is based on initial capital, an exogenously specified initial growth rate (ENPRR), and the lifetime of capital parameter that determines capital depreciation annually (LKE).

There are possible adjustments in this basic and initial computation of investment need by energy type.  The first is when the user specifies an exogenous desired rate of growth in energy production for a region and energy type (EPRODR).  That simply overrides the above calculation with one based on the need to replace depreciated capital and grow as specified.  
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Whether energy investment patterns have an economic basis or a socio‑political one, they will still be subject to resource constraints on fossil fuels.  The next stage of energy investment need cal​culation thus bounds investment to that which the known reserve base can support.  This final calculation of investment need (INEED) specific to energy type depends on the capital stock (KEN), the capital lifetime (LKE), and a maximum growth possible in production given the resource base (ENPRRM).  The maximum growth possible depends in turn on the known reserves (RESER), the minimum ratio of reserves to production that is physically possible (PRODTF), and the current production.  Production (ENP) of oil (energy category 1), however, can consist in part of unconventional oil, which is not subject to the constraints of conventional resources.  IFs considers only the conventional portion (ENPR) of that energy category when computing maximum growth of production; that portion is conventional production (ENPC) over total production (ENP).


[image: image39.wmf]1

ENPR

*

ENP

*

RESER

ENPRRM

where

          

  

1

*

KEN

INEED

MIN

INEED

1

-

t

e

r,

e

r,

e

r,

e

r,

e

r,

e

e

r,

e

r,

e

r,

e

r,

-

=

ï

î

ï

í

ì

÷

÷

ø

ö

ç

ç

è

æ

+

=

PRODTF

LKE

ENPRRM



[image: image40.wmf]ï

ï

î

ï

ï

í

ì

=

-

-

1

,

1

1

t

e

r

t

r

1

-

t

e

r,

ENP

ENPC

ENPR
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At this point it is possible as an indicator to calculate the anti​cipated energy production growth rate (ENPRR) of each energy type based on investment (SIENED), capital (KEN), and capital lifetime (LKE).
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To see how sectoral energy investment updates energy capita, look at the energy equations for capitalEnergy_Equations_Capital.

3.7 Economic Linkages 
The economic model and the two physical models have many variables in common.  As in the agricultural model, IFs generally uses the values in the physical model to override those in the economic model.  To do so, it computes coefficients in the first year that serve to adjust the physical values subsequently. The adjustment coefficients serve double duty - they translate from physical terms to constant monetary ones, and they adjust for discrepancies in initial empirical values between the two models.  For instance, gross production (ZS) in the second or energy sec​tor of the economic submodel is the sum of energy production (ENP) times an adjustment factor (SZSF) that IFs determines in the first time step.
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Similarly, energy stocks (ENST) and an adjustment factor (SSF) determine stocks (ST).
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In the same way energy exports (ENX) and imports (ENM) from the physical model provide the basis for the same variables in the economic model. 
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The indexed price (with a base of 1) in the energy sector of the economic submodel (PRI) is simply the ratio of current to initial regional energy price (ENPRI).[image: image66.png]




3.8 Energy Capital
Energy capital dynamics are simple.  The equation splits available energy investment (INEN) among various energy capital stocks (KEN) according to relative needs or demands (INEED) by energy type.  In addition depreciation based on capital lifetimes (LKE) reduces current capital stock.
3.9  Natural Resources
3.9.1 Resource Production by Type
Resource base is important in selected energy categories of IFs: conventional oil, natural gas, coal, hydroelectric power, and unconventional oil.  Resources are not important in the “other renewable” category nor in the nuclear category, which represents an undefined mixture of burner, breeder and fusion power.

Resource costs, as represented by the capital required to exploit them, increase as resource availability in the resource-constrained categories decreases.  The capital-to-output ratio captures the increased cost.  Kalymon (1975) took a similar approach.

More specifically, the capital-to-output ratio (QE) increases in inverse proportion to the remaining resource base (as the base is cut in half, costs double; as it is cut to one fourth, costs quadruple).  The model multiplies the initial capital output ratio by the initial resource base (RESOR) times a multiplier (RESORM) by which a model user can exogenously increase or decrease model assumptions.  It then divides that product by initial resources minus cumulative produc​tion to date (CUMPR).
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In the hydroelectric category, it is not cumulative production that is important, but rather the portion of resources used annually.  
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Cumulative production for gas and coal simply sums production across time, but for oil the production figures include conventional and unconventional; only the conventional fraction (ENPR) increments cumulative conventional production.
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Production of unconventional oil begins in a significant fashion only after the conventional oil capital-to-output ratio increases to the point where it crosses the initial unconventional value.  To that point cumulative production of unconventional oil (energy category 7) is zero.  Thereafter the model calculates a portion of total oil and gas production (SENPR) that will come from unconventional sources.  That portion increases as the cost of conventional oil production increases.  
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The actual  level  of  unconventional  production  (ENPU)  is the minimum of a figure computed from the relative costs of conventional and unconventional sources and a portion (PRODTF) of the remaining unconventional sources.
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Conventional production (ENPC), if any, is the remaining production in the first energy category.
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The portion of oil production that is conventional (SENPR), a variable used elsewhere, is straightforward.
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3.9.2  Discovery
The annual discovery rates for the conventional oil/gas and coal categories are inverted U-shaped curves over time.  That is, dis​coveries tend to increase annually to a point at which ultimate resource availability constrains them.  This basic relationship is somewhat responsive to prices.

The computation of discovery rates in IFs is a two‑stage process.  First, the model determines world annual discovery rate (WRD).  It utilizes an initial discovery rate (RDI) and an annual increment in discovery rate (RDINR), which is multiplied by the number of the time cycle.  That term, representing the increasing tendency of discoveries, is modified by the change in average global energy price (WEP) times an elasticity of discovery (ELASDI).
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The third characteristic of discovery rates, the tendency of ultimate resource availability to constrain them, enters the computation of discoveries (RD) in the second stage.  Regionally specific discoveries are a portion of the world discoveries (WRD).  The portion is the remaining undiscovered regional resources over the initial total of undiscovered resources globally (WUNRO).  Remaining regional resources are initial ones (RESOR) times the exogenous resource multiplier (RESORM) minus cumulative production to date (CUMPR) and minus known reserves (RESER).  In the initial time step, cumulative production is zero, so that initial global undiscovered resources is simply the sum across regions of resources minus reserves.  The user has available also a rate of discovery multiplier (RDM) with which to adjust the process.
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Knowing discoveries, it is possible to update reserves.  One simply adds discoveries and subtracts annual production (ENP).  In the first energy category, the equation subtracts only conventional oil production (ENPC).
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3.10 Energy Indicators 
Among useful energy or energy-related indicators is the ratio (ENRGDP) of energy demand (ENDEM) to gross domestic product (GDP).
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Global production of energy by energy type (WENP) is the sum of regional productions (ENP).
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Global energy production is the basis for examining the build-up of carbon dioxide and the greenhouse effectGreenhouse_Effect_and_Climate_Change.

The ratio of oil and gas production globally to total energy production (OILGPR) helps trace the transition to other fuels.
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Global energy reserves (WRESER) and global resources (WRESOR) are sums by energy type across regions, the latter taking into account any resource multiplier (RESORM) that a user specifies to modify basic model resource estimates.
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