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Top-down computable general equilibrium models of energy-economy interactions have a limited representa-
tion of the electricity sector, typically using constant elasticities of substitution between generation types.
Detailed bottom-up electricity models generally have embedded load duration curves with the electricity price
determined by the marginal cost of generation. This study incorporates a simple representation of electricity gen-
eration with these bottom-up features directly into the GTAP general equilibrium model.

The motivation for this study is to help project generation adjustments and macroeconomic costs associated with
policies and shocks affecting the electricity sector. Various scenarios are shown using a simple hypothetical
model with Base, Mid and Peak generation types: introducing an incremental output tax on Base generation, as-
suming mobile capital and then fixed capital; flattening the load duration curve; and introducing an intermittent
generation source. Key results are: different responses in electricity generation, price and GDP to a simple con-
stant elasticity of substitution treatment; higher macroeconomic costs associated with a faster tax introduction
due to merit order switching and capital decommissioning; an increase in GDP and a shift towards Base genera-
tion from flattening the load duration curve; and a displacement of Base generation from the introduction of an
intermittent generation source, with variability leading to an increase in Peak generation and a cost to GDP. The

Load duration curve

model code is made available for replication of results and further application and development.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.

1. Introduction

Emissions from electricity generation account for a significant pro-
portion of global greenhouse gas emissions and offer abatement oppor-
tunities with existing technologies. Therefore, the representation of
electricity generation in computable general equilibrium (CGE) or
economy-wide models has played an important role in climate change
analysis (for example, Clarke et al., 2012). In addition, a CGE model
with a detailed representation of electricity generation has other appli-
cations, including: demand response analysis, where electricity users
adjust demand according to a time-varying electricity price; and analy-
sis of policies or shocks which impact fuel prices.

Representation of electricity generation in a CGE model is typically
done via a constant elasticity of substitution (CES) nesting structure be-
tween different types of generation. This approach allows substitution
between technologies based on price effects and allows different input
uses across technologies. For example, GTEM (Pant, 2007) uses a CES
(or CRESH) nest between 14 technology types, with elasticity of 5. Phoe-
nix (Sue Wing et al.,, 2011) nests (with elasticity 1) Base, Intermediate
and Peak loads, with different technologies nested (elasticity 4) under-
neath each. This additional nesting allows differentiation between
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technologies based on variable versus fixed costs, which are important
in electricity markets due to variable aggregate demand and non-
storability. The MIT EPPA model (Paltsev et al., 2005) uses a nest
(elasticity unspecified) between wind and solar, and other generation
types. Other generation typesconsist of the fossil, nuclear, hydro and ad-
vanced generation technologies which are treated as perfect substitutes
(infinite elasticity). The OECD ENV-Linkages model (Burniaux and
Chateau, 2008) uses a CES nest (elasticity 10) between fossil-fuelled,
hydro, renewable, nuclear and wind and solar generation types.

For some analysis, an economy-wide model is linked to a detailed
bottom-up model. The MARKAL-MACRO model (Manne and Wene
1992) is one example, or the approach taken by Adams and
Parmenter (2013). Bottom-up models are typically based on a de-
tailed representation of electricity market operations including gen-
eration merit order and marginal pricing. While linking models in
this way can be comprehensive, the process is resource-intensive
and requires availability of a bottom-up model for each region
being modelled. There are also challenges arising from integrating
the different models. Using a CES nest structure in the CGE model
can be a more practical alternative.

However, while the CES nesting approach allows generation
switching between technology types, it is not based on a competitive,
marginal-price electricity generation market with variable load
demands. I am not aware of incorporation of such a representation
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directly into the GTAP model (Hertel, 1997) or any model using the
GTAP database. This paper provides an alternative approach to the CES
nest by representing a competitive generation market through identifi-
cation of variable, fixed and capital costs. The primary objective is to
achieve model dynamics in a CGE framework more consistent with a
bottom-up approach, without imposing too heavy a burden on imple-
mentation. The representation of electricity is necessarily simpler than
that contained in detailed bottom-up models, and similar to models
with CES nesting, provides an alternative to integrating a CGE and
bottom-up model.

In comparison with a CES nesting approach, the potential benefits of
the new approach include the following. First, the model exhibits differ-
ent and varying effective elasticities between technologies, dependent
primarily on relative unit variable costs. This may better represent mar-
ket dynamics and macroeconomic impacts of both small changes in
generation and transformational change. Second, the key determinants
of results (variable, fixed and capital costs and the load duration curve)
typically have various empirical estimates in studies on the electricity
market. In contrast, the key determinants in a nested CES treatment
are the form of the nest and the elasticities chosen, both of which are
often not estimated in electricity market studies. Third, the relative
merit order positions of technologies are able to change in the model.
In a CES nesting structure using, for example, Base, intermediate and
Peak nests, underlying technologies under each are typically fixed.
This rigidity may have limitations representing the dynamics of trans-
formational change. Fourth, the approach allows representation of the
effects of intermittency (discussed in Section 4), which is difficult to
handle in a CES framework.

Section 2 of this paper presents the framework used to integrate the
structural electricity market representation into the economy-wide
model, called MELD (Model of Electricity with Load Duration). Using a
simple hypothetical model, some of the dynamics are demonstrated in
Section 3. Section 4 discusses the inclusion of intermittent generation
in MELD, and Section 5 concludes.

2. Model description

At the heart of the representation of electricity generation in MELD is
a load duration curve (LDC), which shows the frequency of a particular
level of electricity demand that occurs in a year (for example,
International Energy Agency (IEA), 2012). A stylised version of this du-
ration curve has been implemented in MELD, shown in Fig. 1.

A maximum demand of 2M occurs at point A and minimum of M
at point H, roughly based on empirical evidence (for instance,
International Energy Agency (IEA), 2012). Different representations of
the LDC could be done in MELD: for example, in Section 4 the LDC is ad-
justed to account for intermittent generation. Electricity generation can
consist of any number of different technologies or generators. For this
paper just three types of generation are assumed: Base, Mid and Peak.
This keeps the model simple while still allowing a demonstration of dif-
fering substitution between types in response to a shock.

The capacities of Base, Mid and Peak generation are OP, PQ and QR
respectively. The ordering is determined by the marginal cost of elec-
tricity generation with the lowest marginal-priced generator at the bot-
tom. If total electricity demand in a period increases, the LDC lifts
proportionately to maintain the structure as described. Average
utilisation rates vary between generation types, with the highest rate
for Base of OPFHI/OPGI while Mid and Peak have rates of PQDF/PQEG
and QRBD/QRCE. The average utilisation rate for all generation capacity
is high at just over 75%, partly as no account is made for maintenance or
unplanned outages or for reserves.

To keep the implementation simple, the merit order in MELD is fixed
for each period, and any change in the merit order takes effect in the fol-
lowing year. This approximation does not have significant repercussions
for the scenarios that have been run for this paper. However, this imple-
mentation may need to be revisited as part of conducting further
analysis.

At any point in time, the electricity price varies according to aggre-
gate electricity demand. A competitive market operates for each gener-
ator type and the electricity price equals the unit variable cost of the
marginal generator. Base is the marginal generator type for duration JI,
Mid for K], and Peak for LK. For the duration OL electricity demand ex-
ceeds supply and the electricity price is the market price cap (MPC)
set by the market regulator. This period allows Peak generation to be
paid above unit variable costs to cover capital and fixed costs (another
approach would allow Peak generation to bid at a markup over unit var-
iable cost). The initial MPC is set so that demand exceeds supply for just
over 3 h per year, which means unserved energy of about 0.0005% of
total energy consumption. For comparison, this complies with the reli-
ability target for maximum unserved energy in the National Electricity
Market in Australia of 0.002% (Australian Energy Market Commission
(AEMC), 2012). For this paper, a closure is used so that demand exceeds
supply for a constant period and the MPC is endogenous. The electricity
price faced by electricity users is the average price over the whole dura-
tion, and the total electricity generated is equal to the area ORBHL
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Fig. 1. Load duration curve.
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