
Towards a functional Ecol-Econ CGE modelwith a forest as biomass capitalÖrjan Furtenback(Department of Forest Economics, SLUSE-901 83 Umeå, Sweden)AbstractThis paper presents a theoretical Dynamic Computable GeneralEquilibrium model which combine economic and ecological aspects offorest biomass that provide for policy analysis. The paper introduce aage-structured framework for modeling the growth of a bio-mass stockwhich interact with the economic sectors. Harvest and demand for for-est products and forest amenities are determined endogenously in aninter-temporally consistent way. The general idea in this framework ofmodeling dynamic growth and harvest of a renewable bio-mass stockhinges on the concept of Markov growth. The paper will demonstratehow to measure the valuation of the forests non market values suchas carbon sequestration and recreation/bio-diversity. The result fromthis simulation illustrate how harvest behavior when the economy issubject to shocks. The results also demonstrate the con�ict of interestbetween recreation/bio-diversity and carbon sequestration.Key words: Ecosystem modeling; Inter-temporal optimization; In�nite-horizon equilibria; Dynamic CGE; Markovian growthJEL classi�cation: C68; D58; Q26
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1 IntroductionThe use of Computable General equilibrium Models (CGE) models in theanalysis of the forest sector has been motivated by the importance of linksbetween the forest sector and the rest of the economy (Haynes et al. 1995).In regions where the forest sector is an important contributor to employmentand gross domestic product, the e�ect of changes in the forest sector on theeconomy may be of interest. In for example, (Binkley et al. 1994) a CGEmodel was used to analyze the economic impact of reductions in the annualallowable cut in the Canadian province of British Columbia where the forestindustry is a major economic activity. The Global Trade Assessment Project(GTAP) model was used as part of an Asia-Paci�c Economic Cooperation(APEC) study to assess the e�ects of the removal of speci�c non tari� barriersto forest product trade on country gross domestic product, welfare, and trade(New Zealand Forest Research Institute 1999).On the other hand, the e�ect of changes in non-forestry sectors on theforest sector may be the most important issue, in which case partial equilib-rium (PE) analysis may be used. One example is the CINTRAFOR GlobalTrade Model (CGTM) which describes many aspects of forest products pro-duction: forest growth, wood supply, processing capacity, and �nal demand.The CGTM solves market equilibria on a year by year basis by an optimiza-tion program. Dynamic elements in the CGTM are inter-period changes inforest inventory. The CGTM has been applied to many forest sector issues,(Perez-Garcia 1994), (Perez-Garcia 1995), (Eastin et al. 2002). Detaileddescriptions of the CGTM are presented in (Kallio et al. 1987) and (Cardel-lichio 1989). An other example of a PE model is the Global Forest ProductModel (GFPM), (Buongiorno 2003). The GFPM integrates timber supply,processing industries, product demand and trade and for each year an equi-librium is computed, while year-by-year changes are simulated by recursiveprogramming. Both CGTM and GFPM are designed as policy analysis tools,but they do not attempt to predict the feedback of changes in the forest sec-tor on the rest of the economy. Nor do they attempt to optimize the forestsector over the planning horizon. Yet another example of a partial equilib-rium model is the Timber Assessment Market Model (TAMM), (Adams andHaynes 1980). The TAMM focuses mostly on North America, but has alsobeen used to analyze international issues (Adams and Haynes 1996). Thetwo main components of the TAMM are a market model and an inventoryprojection module. The market model covers supply and demand for wood2



divided by regions and sectors. Exogenous inputs to the model are pulp�ber requirements and projections of forest inventory and forest growth. InTAMM the spatial equilibrium is found by "reactive programming" whichmake it di�cult to represent policy scenarios involving constraints on en-dogenous variables, (Adams and Haynes 1996) recognize.The CGE and PE models just discussed consider in about the same detailthe supply and the demand sides of the forestry sector. An other feature ofthese models are that they are static, or have dynamic elements that link eachperiod's solution, such as CGTM, GFPM and TAMM, but are not optimalin an inter-temporal sense. The Timber Supply Model (TSM) (Sedjo andLyon 1998), on the other hand, was developed to study the transition of theworld's forests from old growth to second growth and to plantation-grownwood and focus on the issue of the global timber supply. The modelingapproach uses control theory to determine the inter-temporal economicallyoptimal transition. The TSM is a dynamic model focusing on accuratelydescribing the wood supply sector. But as such, it is not really suitable touse as a means for policy analysis.This study presents a elementary Dynamic CGE model which combineeconomic and ecological aspects of the forest biomass and provide for policyanalysis. The paper introduce a detailed modeling of growth and harvestof a bio-mass stock interlinked with the rest of the economy. Harvest anddemand for forest products and forest amenities are determined endogenouslyin an inter-temporally consistent way. The general idea in this framework ofmodeling dynamic growth and harvest of a renewable bio-mass stock hingeson the concept of Markov growth1. Although this is a theoretical modelfocusing on bio-mass growth, it can be extended and fed with available datafrom national accounting and national forest inventories and provide realpolicy scenario analysis, either as a CGE model or a PE model focusing onthe forest dependent sectors. The range of possible di�erent policy decisionsinclude the usual CGE questions regarding taxes, subsidies and tari�s, butquestions such valuation of carbon sequestration and cost of setting asidespecial parts of forest land for recreation can also be addressed. Further, it ispossible to impose restrictions on how the forest is harvested in accordancewith prevailing regulations.1The Markov growth is a well known mathematical model for the random evolution ofa memoryless system, that is, one for which the likelihood of a given future state, at anygiven moment, depends only on its present state, and not on any past states.3



Following this introduction the paper will continue as follows. Section 2brie�y explains the ecological model of the forest. In section 3 the construc-tion of the CGE model is demonstrated. Results are presented in section 4and in section ?? some concluding remarks are o�ered.2 The Ecological modelThe Ecological part of the model is based on the forest growth model pre-sented (Sallnäs 1990). Based on this model a software called EFISCEN, see(Schelhaas et al. 2007), is developed by the European Forest Institute andis used for projections of forest resources. Input to EFISCEN is based onnational forest inventories. Input data are available for 31 European coun-tries. The EFISCEN software generates an initial Area distribution vector(ADV), describing the state of the forest, and a Transition Probability Ma-trix (TPM), which describes the growth process of the forest. The indicesof the ADV can be viewed as a two-dimensional space, with age and volumeclasses on the axes. The value in the vector represent an area measure. Inshort, the ADV divides the total area forest into age and volume classes. Ineach time increment the area compartments in the ADV moves to a higherage class and with some probability, p, the compartment moves to a highervolume class. The probability for staying in the same volume class is 1 − p.This process is governed by the TPM. These two outputs, ADV and TPM,can be used in a combined economic-ecological model and thus provides foreconomic projections into the future. The EFISCEN model can be disag-gregated to several di�erent levels, with a ADV for each aggregate. Theaggregation information provided by the EFISCEN software is:CountryRegionOwner type (small, big)Site productivity classTree type (Spruce, Pine)The EFISCEN model further supply information, apart from area measure,for each item in the ADV. The di�erent kinds of information provided is:4



Mean biomass volume per haCarbon content per haShare of Stem/Tops/Branches/Bark per haAll this information enables a large spectra of analysis opportunities, but inthis study we will focus on recreational values and carbon sequestration.3 Formulation of the Econ-Eco-modelIn this very simple dynamic equilibrium model we have a single in�nitely-lived representative agent. The closed economy consists of a household whichown the stock bio-mass. The stock of bio-mass is the only source of consump-tion, i.e. there is no production of goods in this economy. The consumptionbundle consists of harvest of the bio-mass stock and the standing bio-massstock. Consumption of the standing bio-mass stock is regarded as recre-ation. Individuals are assumed to have an in�nite horizon, and expectationsby private agents are forward-looking and rational. Hence, all agents haveperfect foresight because there is no uncertainty. These assumptions implythat the optimal allocation of resources by a central planner who maximizesthe utility of the representative agent is identical to the optimal allocationof resources in an undistorted decentralized economy. However, as (Scarfand Hansen 1973) states "The determination of prices that simultaneouslyclear all markets cannot, in general be formulated as a maximization prob-lem in a useful way. Rather than being a single maximization problem, thecompetitive model involves the interaction and mutual consistency of a num-ber of maximization problems separately pursued by a variety of economicagents." This well known fact in the literature of computable general equilib-rium modeling leads to an approach di�erent from that of the optimization.Following (Mathiesen 1985), the market equilibrium in the model is de�nedby non-negative price-activity pairs that satisfy the following conditions:(i) The zero pro�t conditionEvery activity in the economy earns non-positive pro�ts, and ac-tivities operated at positive levels earns zero pro�ts.(ii) The market clearance condition5



Excess supply for each commodity is non-negative, and a positiveprice implies zero excess supply for that commodity.(ii) The income balance conditionExpenditure does not exceed income, and a positive income impliesthat expenditure equals income.These conditions exhibits complementarity with the price-activity pairs. Thuswe will formulate a general equilibrium model as a square system of weak in-equalities, each with an associated non-negative variable. This is referred toas a complementarity problem in mathematics, and the associated variablesare referred to as complementary variables.In this formulation of a general equilibrium individual optimizing behav-ior and decisions of agents are embedded in functions describing the agents'choices in response to the values of variables facing them. Typically, demandand supply functions are derived from these individual optimization prob-lems. These functions describe how agents will react to prices, taxes, andother variables.This formulation is commonly known as the mixed complementary format(MCP) and there exist e�ective algorithms capable of solving this type ofproblem.The MCP has several tractable features and is commonly used in appliedgeneral equilibrium models. Some of these features and how a non-linear pro-gram (NLP) can be transformed into the MCP format is presented (Böhringer1998).This section will proceed by presenting the model �rst as a NLP and thentransforming this NLP to the MCP format.3.1 NLP FormulationThe primal NLP formulation is based on an explicit representation of theutility function for the single representative household. The social plannermaximizes the present value of lifetime utility for the representative house-hold. The representative household receives instantaneous utility from theharvest and the standing stock. The utility received from the standing stockcould be regarded as representing some non-market value of the standingstock, for example recreational value, bio-diversity value, or carbon seques-tration value. These non-marketed components of the utility is modeled as6



functions of the standing stock but while the instant utility function is as-sumed homothetic and separable in its arguments, the functional notation isomitted in favor of a more general representation. The representative agentmaximizes utility subject to the constraint on the growth and harvest of theforest stock. This constraint essentially captures the results from (Sallnäs1990). The stock in each period equals the growth of the stock in the previ-ous period less harvest in the previous period. The Non-linear Programming(NLP) problem is stated as:
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The zero pro�t conditions with associated variables are:
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ccct3.3 Terminal conditionsIn the equilibrium of the classical forest rotation model by (Faustmann 1849)forest growth, timber volume, annual harvesting, are constant over time.This outcome is usually referred to as the Normal forest and is a commonlyused assumption in forest management. However, present economic researchindicate that under positive discounting, optimal forest vintage structuremay evolve into stationary cycles without convergence toward the normalforest (see for example (Mitra and Wan Jr 1985) and (Wan Jr 1994)). Yet,in an extension, (Salo and Tahvonen 2003) shows that with alternative landuse, the stationary cycles are replaced by a saddle point path with dampedoscillations and convergence toward the normal forest. The reason for thisis stated by "[c]yclical timber harvesting would imply that the value of thebare forest land would either exceed or be below the marginal land value in9



the alternative use. Such a situation cannot be optimal, implying that inequilibrium the cycles vanish."In light of these studies, it is not unreasonable to use the concept ofnormal forest as a means for terminal condition. The intuition of this as-sumption is that after the analysis horizon there will be at least stock leftfor future generations as in the last period included in the analysis horizon.Stationary rotation or steady state in this model of forest growth means thatthe intensity of harvest is at a constant level that keeps the stock (state)of forest constant in each period. We can state this more intuitively as, theharvest equals the growth of the forest. In order to achieve this end, variablesfor prices of post terminal stock is introduced in the equilibrium conditions,and an extra set of equations are necessary to control the levels of thesevariables. Let T indicate last period of the horizon then the extra marketclearance condition will be:
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nnnt3.4 ScenariosIn demonstrating the usefulness of this model two scenarios will be provided.In the �rst scenario the representative agent get an increased sense of well-being from recreational values of the forest. In the second the wellbeingis increased from an increased carbon sequestration in the forest. In theimplementation of the model all goods and services provided by the forestis present in the utility function. That is, harvest, recreation, and carbonsequestration. In the model it is assumed that the recreational service is pro-vided by oldest and most voluminous parts of the forest, ie., the highest ageand volume class. The carbon sequestration takes place in all compartmentsof the forest, but at di�erent rates (explained below). As stated before the10



non marketed quantities is represented by the function f(ssst). We can nowspecify it further by separating it into parts
fff(ssst) = [k(ssst) l(ssst)]

′where k(ssst) represents the quantity of recreation and l(ssst) represents thequantity of carbon sequestrated in each period. As a measure of quantity ofrecreation the size of area in the highest age and volume class is used. Thecarbon sequestrated is computed by taking the di�erence of carbon contentper hectare between periods and multiply by the area distribution vector.
k(ssst) = eee′ssst

l(ssst) = ∆cccssst

∆ccc = ccc′(Q′ − I)where eee is a unit vector [0 0 ... 0 1]′ with one in the position for the highestage and volume class, ccc is the vector of carbon content per hectare forest inrespective age and volume class, and ∆ccc is a measure of carbon sequestrationper hectare and period in respective age and volume class.4 ResultsThe data provided for this simulation is totally constructed but the char-acteristics of the forest growth is based on a reduced form of data suppliedby the EFISCEN software. The state of the forest is divided into four ageclasses and four volume classes with bare land being one compartment. Thissums up to seven di�erent compartments. The harvest is restricted to threecompartments residing in the highest age class.Numerically, the model is implemented in MPSGE (Rutherford 1999) asa subsystem of GAMS (Brooke et al. 1996) using PATH (Dirkse and Ferris1995) for solving the MCP problem.Bearing in mind that this is primarily a theoretical model the simplestassumption for replicating a business as usual bench mark is to assume sta-tionary rotation of the forest stock as a starting point for analysis. Stationaryrotation or steady state in this model of forest growth means that the inten-sity of harvest is at a constant level that keeps the stock (state) of forestconstant in each period. 11



The di�erent scenarios are very uncomplicated and implemented as anincrease in the shares in the utility representation of �rst recreational valueand then sequestration, i.e. by changing the shape of the instant utilityfunctions (the shares). The results are presented in four �gures which showsbenchmark and scenarios of di�erent variables with focus on the developmentof the forest. The variables showed are aggregated harvest, aggregated stock,average age, and carbon sequestrated over the horizon of interest. Aggregatedvariables are chosen in order not to get overwhelmed by details, but bear inmind that the changes are di�erent in di�erent compartments of the forest.In �gure 1 we see that the harvest goes down, at an declining rate, whenthe valuation of recreation shifts up. The declining rate is due to the factthat recreational value is de�ned for only one, the oldest forest, compartmentand it takes time for the system to accommodate the shock. In short, it takestime for the forest to grow old and produce recreational value. The e�ecton harvest due to an increased valuation of carbon sequestration is moredistinct. The harvest shifts up with a tiny over-swing and rapidly �nd aconstant value. Here the opposite arguments holds, the carbon sequestratingability of the forest lies in the younger parts of the forest. There is no waitingin cutting down old forest to get a higher rate of carbon sequestration. Fromthis �gure, as well as �gures 2, 3, 4, it becomes obvious that there is an con�ictof interest between recreational values and carbon sequestration. The twodi�erent scenarios displays opposite e�ects on harvest behavior.Figure 2 displays the changes in the total volume of bio-mass that occurwith respect to the scenario shifts. The stock of bio-mass is of course a func-tion of harvest and when harvest go down in response to the higher valuationof recreation, the stock will gradually increase until it reaches steady state.The reverse happens when harvest shift upwards as a reaction of greaterappraisal of carbon sequestration, a progressive increase in aggregate stockvolume. Note that aggregate stock reaches steady state earlier in the case ofhigher valuation of carbon sequestration. This is agree with the �ndings ofharvest behavior presented in �gure 1.The changes in the average age of the forest is illustrated in �gure 3. Theaverage age is computed as a weighted average of the mean age times the bio-mass volume of the di�erent compartments. It can be seen that average agegoes up when recreational values are higher regarded, and down when carbonsequestration is of greater concern. This �gure merely mirrors what can beseen in �gure 2, but it distinguish the demarcation of age with respect to theamenities recreation and carbon sequestration. Old forest is associated with12



Figure 1: Aggregate harvest

Figure 2: Aggregate stock13



high values of recreation and the carbon sequestration capacity is greater inyounger forest.

Figure 3: Average ageCarbon sequestration adoption in response to the scenario shifts are pre-sented in �gure 4. The carbon sequestration lessens when the age of theforest increase as a consequence of stronger valuation of recreational values.And obviously the carbon sequestration is elevated when the valuation of thesame is intensi�ed.To sum up, changes in the valuation of non marketed amenities providedby the forest bio-mass stock alters the harvest behavior of the representativeagent. When recreational values are hold in higher regard the rate of harvestwill decline. When, on the other hand, carbon sequestration e�ciency isin greater esteem, the harvest e�ort increase. These reversal behaviors arere�ections of the age-speci�city of the di�erent amenities.5 ConclusionThis study propose a skeleton for modeling a renewable bio-mass stock, inwhich the growth and harvest have implications on economic activities. Themodel presented pay special attention to age-speci�c properties of the bio-mass stock studied. The speci�c bio-mass stock investigated is the forest.14



Figure 4: Carbon SequestrationHarvest and demand for the renewable bio-mass stock are determined en-dogenously in an inter-temporally consistent way. The growth process of thestock is governed by a transition probability matrix, commonly known as aMarkov matrix.The paper explain how changes in the valuation of non marketed ameni-ties provided by the forest bio-mass stock alters the harvest behavior of theowner of the stock. When recreational values are hold in higher regard therate of harvest will decline. When, on the other hand, carbon sequestratione�ciency is in greater esteem, the harvest e�ort increase. These reversalbehaviors are re�ections of the age-speci�city of the di�erent amenities. Theresults of the study it also reveals the con�ict of interest between recreationalvalues and carbon sequestration.As a case for future research the framework can be extended with moreeconomic sectors and fed with available data from national accounting andnational forest inventories to provide for real scenario analysis, either as aCGE model or a PE model focusing on the forest dependent sectors. For realscenario analysis the assumption of forest being in steady state at the startof the time horizon might not be a feasible construct. Data for a base periodmay be inconsistent with a steady-state growth path. Data supplied fromSwedish forest inventory, for example, show that growth of forest exceeds the15



harvest. Therefore some assumption has to be made on how the forest andharvest will evolve. One possible solution for model calibration in the caseof the of-steady-state data is to assume that growth initially exceed harvest,but converges to a steady state growth and harvest over time. Calibratingdynamic models to a benchmark data which are not on a steady-state means�nding a path on which prices, demand and production coincide and end upin steady state.The MCP format provide for discriminating di�erent groups of preferencesystems. This seems to be an interesting area of future investigation of thisforest model while a number of econometric studies have revealed that har-vesting decisions depend on owner-speci�c characteristics such as non-forestincome, wealth and owner's age (e.g. (Binkley 1981); (Romm et al. 1987);(Dennis 1988); (Dennis 1990); (Jamnick and Beckett 1988); (Kuuluvainenand Salo 1991).While this paper focus on the forest as a renewable bio-mass stock, themodel presented could be translated to other bio-mass stocks possessing sim-ilar age-structured properties and needs economic examination. The growthand harvest of �sh, for example, have been modeled by transition probabilitymatrices in several studies, see (Getz and Swartzman 1981), (Rothschild andMullen 1985), and (Evans and Rice 1988).
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