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SUMMARY 

The MARKAL-MACRO model is used to evaluate the cost effectiveness and market potential in 
Taiwan for technologies which are promoted by the U.S. Environmental Protection Agency Green Lights 
and Energy Star Buildings Programs. Comparative analysis of the model results show that these 
technologies are economically more competitive than conventional technologies and are projected to be 
dominant in the market place in meeting retrofit and future energy demands in commercial buildings 
under least-cost energy planning strategies. 
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INTRODUCTION 
The primary objective of this study is to evaluate within a dynamic economy the cost 

effectiveness and market potential for technologies which are promoted by the U.S. Environmental 
Protection Agency (USEPA) Green Lights and Energy Star Buildings Programs (EPA, 1994). A 
secondary objective of the study is to demonstrate, by inference, that the Green LighWEnergy Star 
approach, although promoting technologies, is embedded within a marketing program which contains a 
public recognition segment for voluntary approaches to pollution prevention. 

The methodology used in this study is based on the application of MARKAL-MACRO, a well- 
established E3 (energy environment economy) systems model. The model captures the system-wide 
impact of adjustments to the future development of an energy system. Here the impacts of more 
efficient end-use technologies and their implementation strategies on energy supply-demand balances, 
total environmental emissions, and growth in the overall economy are explored. Thus a potential 
symbiotic relationship can be achieved by use of the model in combination with the USEPA Programs. 

The intended audience of this study is high level government sector policy makers and senior 
administrators of related private groups. The most desirable outcome is for these persons to understand, 
over the designated planning horizon, that if efficiency is factored into the planning of electric generation 
capacity expansion it can ultimately conserve capital for other societal initiatives while helping achieve 
local environmental emission standards as well as global climate change treaty commitments. 

OVERVIEW OF U.S. EPA GREEN LIGHTWENERGY STAR BUILDINGS PROGRAMS 
The Green Lights and Energy Star Buildings are voluntary programs in which commercial 

building owners and operators agree to make energy-efficiency improvements that are cost effective. 
The U.S.EPA will provide tools and technical support in the areas of energy-efficient technology, 
pollution prevention, and upgrade strategies to assist program participants in planning and implementing 
efficiency upgrades that maximize energy savings at the lowest possible cost. The key element in the 
programs' implementation is a 5-stage upgrade strategy, which takes advantage of synergistic impacts 
between different stages (e.g., the reduction in peak cooling loads due to the installation of Green 
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Lights). The end result will be sequenced upgrades that maximize profitable energy savings. The 
recommended stages are as follows: 

1. Green Lights. Popular upgrade in commercial lighting is the replacement of existing lighting 
fixtures with high-efficiency fluorescent lamp and electronic ballast. 
2. Building survey and tune-up. Common upgrades in this area include infiltration prevention, 
improved temperature setback schedules, and an improved preventative maintenance program. 
3. Reduction in building HAVC loads. Upgrades include improvements to the building shell, 
such as window film or improved roofing and insulation. 
4. Improvements to air-handling systems. Upgrades include right-sizing of fans and variable 
speed drives on electric motor. 
5. Heating and cooling upgrades. The culmination of the staged upgrades will be to upgrade the 
heating and cooling equipment in the buildings, taking full advantages of the load reduction 
resulting from stage 1-4 to optimize the sizing and cost of replacement equipment. 

PROGRAM ANALYSIS WITH MARKAL-MACRO 

MODEL DESCRIPTION 
The MARKAL-MACRO model (Hamilton, ef.a/., 1992) is an integration of MARKAL, a dynamic 

linear programming model that optimizes a technology rich network representation of an energy system, 
and MACRO, a single sector macroeconomic growth model. MARKAL was developed at the 
Brookhaven National Laboratory (BNL) in a collaborative effort under the auspices of the International 
Energy Agency (Fishbone and Abilock, 1981)(Goldstein, 1995). MARKAL-MACRO was also pioneered 
at BNL in close collaboration with Professor Alan Manne of Stanford University. In MARKAL, the entire 
energy system is represented as a Reference Energy Systems (RES), depicting all possible flows of 
energy from resource extraction through energy transformation and end-use devices to demand for 
useful energy services. Each link in the RES is characterized by a set of technical coefficients (e.g., 
capacity, efficiency), environmental emission coefficients (e.g., C02, SOx, and NO& and economic 
coefficients (e.g., capital costs, date of commercialization). MARKAL finds the "best" RES for*each time 
period by selecting the set of options that minimizes total system cost over the entire planning horizon.. 
By combining MARKAL (a 'bottom-up" technological model and MACRO (a "topdown" neoclassic 
macroeconomic model) in a single modeling framework (Figure l), MARKAL-MACRO is able to capture 
the interplay between the energy system, the economy and the environment, which is crucial in the 
analysis of energy and environmental policies under sustainable development. 

TECHNOLOGY CHARACTERISTICS 
ENVIRONMENTAL CONSTRAINTS 

Fig. 1 - An Overview of MARKAL-MACRO 

SCENARIO DEVELOPMENT AND MODEL RUNS 
Two scenarios, the Base and the Energy Star Buildings, were developed in this study. Both 

scenarios assumed the underlying economic and demographic projections used in a recent study on 
Taiwan's long term C02 scenarios (Huang eta/., 1995). The Base Scenario contains a technological 



profile which corresponds closely to the "Reference Scenario" defined in the MARKAL data base 
developed in that study. The technological profile of the Star Buildings Scenario contains all the 
technological options represented in the Base Scenario plus the supply curves of the Star Buildings 
technologies developed based on cost data and technical characteristics reported in the Energy Star 
Showcase projects. Whenever possible, these data were verified through cross comparisons with 
independently reported data from the Lawrence Berkeley Laboratory (Atkinson et a/.,l992), Electric 
Power Research Institute (EPRI, 1988), the U.S. Department of Energy (DOE, 1992, 1995, 1995). To 
capture both the short term and long term impact of the USEPA programs, the planning horizon of this 
study is set to begin in 1990 and end in 2030 for a total of 40 years. Two model runs were made under 
each scenario, one with no CO2 emission limit and one with a 12-ton COZ per capita limit imposed 
beginning in the year 2000. The results obtained under different CO2 emission limits facilitate sensitivity 
analysis of the programs' impact under alternative environmental emission objectives. 

The four case runs are named alphanumerically as follows: 
Case Name Case DescflDtion 
BASE 
BASE1 2T 
EPASB 
EPASBl2T 

Base Scenario, no COz constraint. 
Base Scenario, 12 ton CO2 per capita emission limit. 
EPA Energy Star Buildings Scenario, no CO2 constraint. 
EPA Energy Star Buildings Scenario, 12 ton C02 per capita 
emission limit. 

ANALYSIS OF RESULTS 
The analysis examines three kinds of results. First is the sectoral impacts of Energy Star 

Buildings technologies, measured in terms of marginal cost of end-use demands and the market 
penetration of these technologies. Second is the impacts of these technologies on the entire energy 
system and the overall economy. These include the impact on total energy system costs, electricity 
generation capacity, and the gross domestic product (GDP). Third is the implication of investment in 
Energy Star Buildings technologies on total C02 emissions from the energy sector and on the marginal 
cost of reducing these emissions. 

MARGINAL COSTS AND MARKET PENETRATION 
Figure 2 shows the marginal costs (in constant 1990 US$) of meeting one unit of commercial 

lighting demand (defined as the annual lighting demand of a typical 1000-square foot-60 lumen office 
space). In the "BASE" case, these costs range from US$518 in 2000 to US$ 533 in 2030. The same 
costs range from US$481 to US$488 in the "EPASB" case. The cost differences represent the marginal 
social benefits of lighting an unit of office space with Green Lights technologies over existing 
technologies. These benefits are greater under the C02 emission constrained cases (BASE1 2T and 
EPASBl2T), implying that Green Lights Technologies become more attractive as the C02 emission 
limits get more restrictive. The higher marginal costs of lighting in the C02 constrained cases is mostly 
due to a shift towards cleaner but more expensive fuels and technologies in electricity generation. 

The same conclusions reached in the demand for lighting can be made on the cost effectiveness 
of Energy Star Buildings technologies for air conditioning. As shown in Figure 3, the marginal cost 
curves for commercial air conditioning display the same patterns as in Figure 2. The marginal costs in 
this demand category are derived based on the annual output of one ton of cooling capacity. 

1990 1995 2000 2005 2010 2015 2020 2025 

YEAR 

Fig. 2 - Marginal Cost of Commercial Lighting 
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Fig. 3 - Marginal Cost of Commercial Air Conditioning 

Figures 4 
buildings. In both 
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and 5 show the projected demand in lighting and air conditioning in commercial 
demand categories, the total projected demands are higher under the Energy Star 

. This is due to the rebound effect induced by the lower marginal cost in meeting 
these demands with Energy Star Buildings technologies. Under this scenario ("EPASB" and 
'EPASBl2T cases), the market demands for Green Lights amount to 571 quadrillion lumens (12 million 
32W T-8 fluorescent lamps equivalent) in 2000 to over 4,400 quadrillion lumens (92 million 32W T-8 
fluorescent lamps equivalent) in 2030. 
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Fig. 4 - Commercial Lighting Demand 
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Fig. 5 - Commercial Air Conditioning Demand 
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For air conditioning, the market demands for Energy Star Buildings equipment amount to 572 
thousand tons of installed capacity in 2000 to over 3 million tons in 2030. In addition, there is a market 
demand for "conservation" through building tune-up, load reductions, and improved air-handling systems, 
which amounts to an equivalent of over 1.4 million tons of output in 2030. 

TOTAL ENERGY SYSTEM IMPACT 
Figure 6 compares the total electricity generation capacity in the four cases. With or without C02 

constraints, the projected capacity is lower when Energy Star Buildings technologies are available. This 
directly reflects the impact of conservation and efficiency improvements at end-use on electric capacity 
expansion. Lower capacity installation also leads to less investment in the electric sector. 
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Fig. 6 - Total EIectricity Generation Capacity 

Figure 7 displays the annualized energy system cost, which includes energy resource and fuel 
costs, investment in supply and demand technologies, operating and maintenance costs. Because of the 
system-wide impact of the Energy Star Buildings program, total energy cost in the "EPASB" case is lower 
than in the "BASE' case. The total cumulative savings (discounted to present value) in energy cost over 
the entire planning horizon amounts to over U.S.$ 6.6 billion, or 2% of the total discounted cost in the 
energy sector. These savings increase as COz emission constraints are imposed on the energy system. 
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Fig. 7 - Total System Cost; Undiscounted 
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COZ EMISSIONS AND CONTROL COSTS 
Figure 8 shows the projected growth in C02 emissions for all four cases. In the unconstrained 

cases, the annual C02 emissions in the 'EPASB" case are consistently lower than in the "BASE" case. 
These differences, which are attributable to the market penetration of Energy Star Buildings 
technologies, amount to a total CO2 emission reduction of 438 million tons over the 40-year planning 
horizon, or 3% of the total C02 emissions in the 'BASE" case during the same period. 
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Fig. 8 - Annual COz Emissions 

Figure 9 shows the marginal costs of C02 reduction in the COP constrained cases. In the 
"BASE12T case, these values range from US$ 1 0 per ton in 201 0 to US$89 per ton in 2030. As shown 
in the bottom cuwe of the figure, these values are lower in the "EPAS612T" case in which the marginal 
C02 reduction cost is U.S.$82 per ton in 2030. This implies that the energy system becomes more cost 
effective in controlling its future C02 emissions with the introduction of the Energy Star Buildings 
program. The marginal costs of C02 reduction derived in MARKAL-MACRO are direct measurements of 
a country's economic and technological flexibility to respond to a more stringent C02 emission standard 
in its energy system. Across different countries, they represent the basic information needed in 
analyzing C02 mitigation strategies at the global level. 
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Fig. 9 - C02 Marginal Reduction Cost 

IMPACT ON GROSS DOMESTIC PRODUCT 
Table 1 depicts the GDP growth trends projected in MARKAL-MACRO for the four cases. Under 

the two constrained C02 emission cases CBASEl2T" and "EPASB12T"), the impact of higher energy 
cost is reflected in the economy through their lower GDP values relative to the projected GDP in "BASE" 
and "EPASB", respectively. With or without C02 emission constraints, the introduction of Energy Star 
Buildings program is shown to have a positive impact on GDP growth as indicated by the higher GDP 
values under the Energy Star Buildings scenario. Again, the impact is larger under C02 emission 
constraints, which amounts to an increase of 9 billion dollars in GDP in 2030 as compared to an increase 
of 5 billion dollars when there is no C02 emission limit. 



Table 1 - Gross Domestic Product in Billion U.S. $ 

CaseNear BASE BASEl2T EPASB EPASBl2T 
1990 156.17 156.17 156.1 7 156.17 
1995 210.19 21 0.25 210.14 210.17 
2000 278.92 278.87 279.62 279.57 
201 0 454.20 451.78 456.85 454.55 
2020 659.12 644.40 663.12 649.79 
2030 865.59 833.34 870.60 842.36 

CONCLUSIONS 
Studies performed by USEPA using present value analysis have shown high internal rate of 

retum (over 50%) achieved in actual projects installing Green Lights and Energy Star Buildings 
technologies. To extend these demand-side analysis further, the integrated approach used in this study 
shows that these technologies are more competitive than the conventional technologies and are 
projected to be dominant in meeting retrofit and future market demands. The aggregated impact of 
these technologies includes lower marginal costs in meeting the energy service demands, lower total 
energy system costs and electricity generation capacities, and decreasing C02 emissions from energy 
use. In the overall economy, the introduction of these technologies is shown to have a positive impact 
on GDP growth. When a rigid COP emission constraint is imposed on the energy system, the magnitude 
of these impacts increases. In addition, the penetration of these technologies also help to lower the 
marginal cost of reducing C02 emissions. 

Although this study only looked at one application of the MARKAL-MACRO model related to 
Energy Star Building technologies, the model can build the case for other voluntary cost efficient 
programs of both the USEPA and USDOE which are parts of the US Climate Change Action Plan. A 
Puerto Rico MARKAL-MACRO model constructed in a Local Energy Planning (LEP) format and used in 
this fashion becomes a cutting edge version and establishes a global template. When applied to Puerto 
Rico Particularly the greater municipal area of San Juan, it has the ability to connect cost efficient energy 
land use and transportation policies , technologies, and hence programs for both the private and public 
sectors. The ongoing and planned redevelopment activities in San Juan and environs by the Ports 
Authority offers a unique opportunity to use energy efficiency to shape building design and operation, 
design waste minimization practices and evaluate alternative transportation technologies and fuels. 
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