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In this study, an extended structural change model is adopted to explore the mechanisms of how structural adjustments influence
the changes of energy intensity. Through adding an energy production sector to the standard model, we find that the change of
sectoral energy intensity is determined by the differences of sectoral and energy production technologies. Moreover, the change
of economy-wide energy intensity is shaped by both structural and sectoral energy intensity changes. According to theoretical
findings and simulation exercises, structural change, initiated by technological growth rate and substitution elasticity, affects the
growth rate of economy-wide energy intensity. (1) If the energy threshold technological growth rates are high or low enough,
the overall energy intensity will develop monotonically. (2) If the energy threshold technological growth rate is moderate, and (i)
substitution elasticity and initial final production technological growth rate meet some requirements, the economy-wide energy
intensity will growmonotonically; otherwise, (ii) with the suitable combination of substitution elasticity and initial final production
technological growth rate, the overall energy intensity can develop nonmonotonically, like U or inverted-U curves.

1. Introduction

With growing importance of energy intensity reduction as
a policy objective over the world, many researchers have
attempted to identify the mechanisms of energy intensity
change with different data analytical methods, including
index decomposition analysis (IDA, [1–3]), structural decom-
position analysis (SDA, [4–6]), and production-theoretical
decomposition analysis (PDA, [7, 8]), and some even fur-
ther developed a comprehensive decomposition framework
like [9]. One of the basic driving forces of the overall
energy intensity change, according to the aforementioned
approaches, is output composition change associated with
structural adjustments among different industries. Moreover,
the effect of structural change on overall energy intensity
change may be either positive or negative during a particular
period, which may lead to puzzles when the whole process
covers both “positive” and “negative” parts. For example,
the positive effect might get fully offset by the negative one
in a given period, indicating that the overall influence of
structural change on energy intensity change equals zero,
while structural change may actually be the dominate driver
in the change of economy-wide energy intensity (e.g., U or

inverted-U curves). Of course, absolute contributions of
structural change could be calculated in separate years and
then summarized for analyzing its relative importance on the
change of overall energy intensity. However, such data analyt-
ical approaches could not provide the underlying theoretical
mechanisms, like structural change, and its impact on the
economy-wide energy intensity change. Instead, a growth-
theory-based framework is introduced to make theoretical
analysis on structural and energy intensity change uniformly.
That is, we aim to explore how the structural change occurs
and then shapes the change curve of overall energy intensity.

To our knowledge, there has been a lack of theoretical
approaches to explore the mechanisms of energy intensity
change, with the exception of [10] that recently filled the gap.
Reference [10] uses a theoretical model with directed tech-
nical change (DTC), marginally modified from the model
of [11], to analyze the underlying mechanisms of the aggre-
gate energy intensity change. Their model consists of two
different intermediate sectors, with andwithout energy input.
The underlying drivers of aggregate energy intensity cover
exogenous energy price growth and the relative productivity
of both sectors affecting the direction of technical change as
well as the relative importance of Sector Effect (i.e., structural
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changes among industries) and Efficiency Effect (i.e., within-
sector energy efficiency improvements).

Different from [10], this study has been inspired by the
literature of structural change models aimed at underlying
reasons for historical structural transformation (e.g., Kuznets
facts [12]). There are two different chains in literature to
explain structural change, the demand-driven one, and the
supply-driven one. The first chain emphasizes differences in
the income elasticities of demand across goods which shift
the demand and production amid rising income (e.g., [13,
14]). The second chain, initiated by [15], attributes structural
change to technological differences and further develops
three alternative channels. One is extended by [16] from
[15] highlighting sectoral differences in technological growth
rates. The second one is proposed by [17], emphasizing the
role of sectoral differences in the factor proportions. The
last one, recently introduced by [18], indicates that sectoral
differences on the degrees of capital-labour substitutability
are an additional driving force for structural change. Such
models have been applied and extended to analyze energy
and climate change issues. For instance, [19] investigated
the impact of structural change on the high oil price;
[20] explored how climate change influenced the structural
change and then how together they influenced the optimal
fossil fuel consumption. However, there has been a lack of
exploration on energy intensity change through structural
change models, and this study is expected to provide an
attempt to fill the gap.

Our analysis in this paper follows and extends the
work of [16], in which structural change is driven by the
technological differences of intermediate sectors as well as the
substitution elasticity among the above intermediate goods
when used to produce final goods. Compared to themodel of
[10], the differences and contributions of the present model
are as follows. (1) We assume technological change to be
exogenous rather than endogenous with DTC in [10]. (2)
Our model consists of two standard intermediate sectors
which take energy as intermediates equally. (3) Energy is
supplied by an independent energy production sector in
the model economy, indicating that energy price is some-
what endogenously determined. (4) Considering the above
specifications, the mechanisms for changes of both sectoral
and overall energy intensity are explored. For example, the
former is shaped by the relative technology in intermediate
and energy sectors while the latter is determined by both
sectoral energy intensity change and structural change, which
coincides with the results of data analytical methods. (5)
Thenonmonotonic change of economy-wide energy intensity
could be investigated directly from themodel economy, while
[10] mainly focuses on the monotonic change of overall
energy intensity and must combine different scenarios of
energy price growth to work out the nonmonotonic change
of overall energy intensity.

The remainder of the paper is structured as follows. Sec-
tion 2 introduces the model economy. In Section 3, structural
change is illustrated, which can be seen as a simplified and
intensified version of [16]. Section 4 explores the changes
of sectoral and economy-wide energy intensity. We first
investigate technological conditions for sectoral monotonic

energy intensity change.With regard to structural change, the
economy-wide energy intensity grows differently, covering
bothmonotonic and nonmonotonic changes. Section 5 simu-
lates the structural and energy intensity change. Conclusions
are demonstrated in Section 6.

2. Model Economy

General setting and competitive equilibrium are introduced
in this section. The model developed here draws upon the
model derived in [16]. The differences and extensions are as
follows. (i)There is only one type of unique final consumption
goods in this model while the other capital goods are also
incorporated in [16]; (ii) an energy production sector is
introduced in the preset model. We consider a closed and
nonbalanced model economy, in which labour is considered
as the unique primary input. For simplicity and without loss
of generality, we assume labour is constant over time. Energy
is produced by a part of labour and then used with the other
part to produce sectoral intermediate goods.

2.1. Model Description. The economy produces unique final
goods combined with two competitive sectoral intermediate
goods using constant elasticity of substitution (CES) produc-
tion functions:

𝑌 (𝑡) = 2∑
𝑖=1

(𝜙𝑖𝑌𝑖 (𝑡)(𝜀−1)/𝜀)𝜀/(𝜀−1) , (1)

where 𝑖 = 1, 2 throughout the text. 𝜀 ∈ (0,∞) is elasticity
of substitution. 𝜙𝑖 > 0 is distribution parameter which
determines the relative importance of the two goods in
the aggregate production, and ∑2𝑖 𝜙𝑖 = 1. The sectoral
intermediate goods are produced competitively with Cobb-
Douglas production functions as

𝑌𝑖 (𝑡) = 𝐴 𝑖 (𝑡) 𝐸𝑖 (𝑡)𝛼 𝐿 𝑖,𝑀 (𝑡)1−𝛼 , (2)

where the subscript 𝑀 represents the intermediate sectors
(sectors 1 and 2). 𝐿 𝑖,𝑀 and 𝐸𝑖 are the quantities of labour and
energy used in the intermediate sectors, and 𝐿𝑀 = ∑2𝑖=1 𝐿 𝑖,𝑀
represents the part of labour assigned to the production of
intermediate sectors. 𝛼 ∈ (0, 1) is energy income share
assumed to be equal across sectors following [16] in order
to focus on the channel of technological differences on
structural change. 𝐴 𝑖 denotes the exogenous sector specific
technology and takes the form as

𝐴 𝑖 (𝑡) = 𝐴 𝑖 (0) exp (𝛾𝑖𝑡) , (3)

where 𝐴 𝑖(0) > 0 is the initial technology and 𝛾𝑖 > 0 is the
constant technological growth rate over time.

Considering that some real economies are heavily depen-
dent on energy importing, energy is defined as secondary
energy to further satisfy the closed economy assumption.
Secondary energy is produced by labour as well as primary
energy assumed costless following [21]. The amount of
primary energy is fixed and normalized to be 1. Following
[22, 23], the production of energy is thus given as

𝐸 (𝑡) = 𝐴𝐸 (𝑡) 𝐿𝐸 (𝑡) , (4)
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where the subscript 𝐸 represents the energy sector. 𝐿𝐸
denotes the other part of labour apart from those in the
intermediate sectors (𝐿𝑀). 𝐴𝐸 denotes energy production
technology with the following form:

𝐴𝐸 (𝑡) = 𝐴𝐸 (0) exp (𝛾𝐸𝑡) , (5)

where 𝐴𝐸(0) > 0 is the initial energy production technology
and 𝛾𝐸 > 0 stands for the energy production technological
growth rate.

2.2. Competitive Equilibrium

Definition 1. An equilibrium is given by prices for final goods𝑝(𝑡), intermediate goods 𝑝𝑖(𝑡), energy 𝜉(𝑡), and labour 𝑤(𝑡),
demands for intermediate goods 𝑌𝑖(𝑡), energy 𝐸𝑖(𝑡), and
labour 𝐿 𝑖,𝑀(𝑡) of sector 𝑖 = 1, 2 and 𝐿𝐸(𝑡), such that, at the
period 𝑡, producers maximize profits and markets clear as

2∑
𝑖=1

𝐿 𝑖,𝑀 (𝑡) + 𝐿𝐸 (𝑡) = 𝐿,
2∑
𝑖=1

𝐸𝑖 (𝑡) = 𝐸 (𝑡) .
(6)

Due to perfect market competition for the final goods,
producers maximize their profits by choosing the quantities
of sectoral intermediate goods:

max
𝑌1(𝑡),𝑌2(𝑡)

𝑝 (𝑡) 𝑌 (𝑡) − 2∑
𝑖=1

𝑝𝑖 (𝑡) 𝑌𝑖 (𝑡) . (7)

Referring to (1), profit maximization yields the following
first-order conditions:

𝑝𝑖 (𝑡) = 𝑝 (𝑡) 𝜙𝑖 (𝑌 (𝑡)𝑌𝑖 (𝑡))
1/𝜀 . (8)

Moreover, goods in the intermediate sectors are produced
competitively. Producers choose the quantities of labour and
energy to maximize their profits:

max
𝐿 𝑖,𝑀(𝑡),𝐸𝑖(𝑡)

𝑝𝑖 (𝑡) 𝑌𝑖 (𝑡) − 𝑤 (𝑡) 𝐿 𝑖,𝑀 (𝑡) − 𝜉 (𝑡) 𝐸𝑖 (𝑡) , (9)

and the first-order conditions of profit maximization are

𝑤 (𝑡) = 𝑝𝑖 (𝑡) (1 − 𝛼) 𝑌𝑖 (𝑡)𝐿 𝑖,𝑀 (𝑡) , (10)

𝜉 (𝑡) = 𝑝𝑖 (𝑡) 𝛼𝑌𝑖 (𝑡)𝐸𝑖 (𝑡) . (11)

Finally, energy producers are competitive and maximize
their profits by choosing the amount of labour:

max
𝐿𝐸(𝑡)

𝜉 (𝑡) 𝐸 (𝑡) − 𝑤 (𝑡) 𝐿𝐸 (𝑡) . (12)

Solving the above maximization problem, we obtain

𝑤 (𝑡) = 𝐴𝐸 (𝑡) 𝜉 (𝑡) . (13)

We then combine (10)–(13) and derive

𝑤 (𝑡)𝜉 (𝑡) = 1 − 𝛼𝛼 𝐸𝑖 (𝑡)𝐿 𝑖 (𝑡) = 𝐴𝐸 (𝑡) . (14)

Equation (14) makes the following clear. (i) The relative
prices are proportional to the relative quantities of labour
and energy. In equilibrium, wages and energy prices are
equal across sectors, respectively, indicating an equality of
energy-labour ratios amid different sectors. (ii)Moreover, the
equilibrium energy-labour ratios will increase proportionally
to energy technological development, which can be applied
to investigate energy intensity. In sum, the properties of (14)
can facilitate the following identification of the mechanisms
of structural change and thus energy intensity change.

3. Structural Change

According to [16], structural change is defined as the reallo-
cation of labour shares over time in at least one sector. Since
output composition change is normally termed as structural
change effect in decomposition methods, the equivalence of
labour and output shares will be explored subsequently in this
study.

First, we can obtain the relative outputs of sector 1 to
sector 2 from (8):

𝑌1 (𝑡)𝑌2 (𝑡) = (
𝑝1 (𝑡)𝑝2 (𝑡))

−𝜀 (𝜙1𝜙2)
𝜀 . (15)

And then applying (14) to (2), we derive

𝑌1 (𝑡)𝑌2 (𝑡) =
𝐴1 (𝑡)𝐴2 (𝑡)

𝐿1,𝑀 (𝑡)𝐿2,𝑀 (𝑡) . (16)

Plugging the production function of 𝑌𝑖 into (10) or (11)
yields the relation between the relative prices and technolo-
gies:

𝑝1 (𝑡)𝑝2 (𝑡) = (
𝐴1 (𝑡)𝐴2 (𝑡))

−1 . (17)

Combining (15)–(17), the allocation of labour is given as

𝐿1,𝑀 (𝑡)𝐿2,𝑀 (𝑡) =
𝑙1,𝑀 (𝑡)𝑙2,𝑀 (𝑡) = (

𝐴1 (𝑡)𝐴2 (𝑡))
𝜀−1 (𝜙1𝜙2)

𝜀 , (18)

𝑙1,𝑀 (𝑡) = 𝐿1,𝑀 (𝑡)𝐿𝑀 (𝑡) = 𝜙1𝜀𝐴1 (𝑡)𝜀−1𝜙1𝜀𝐴1 (𝑡)𝜀−1 + 𝜙2𝜀𝐴2 (𝑡)𝜀−1
= 1
1 + (𝐴1 (𝑡) /𝐴2 (𝑡))−(𝜀−1) (𝜙1/𝜙2)−𝜀 .

(19)

By differentiating (17) and (18), we could conclude that
growth rates of relative sectoral labour shares merely depend
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on the differences amid sectoral technological growth rates
(or sectoral prices) together with the elasticity of substitution:

̇𝑝1 (𝑡)𝑝1 (𝑡) −
̇𝑝2 (𝑡)𝑝2 (𝑡) = − (𝛾1 − 𝛾2) , (20)

̇𝑙1,𝑀 (𝑡)𝑙1,𝑀 (𝑡) −
̇𝑙2,𝑀 (𝑡)𝑙2,𝑀 (𝑡) = (1 − 𝜀) (

̇𝑝1 (𝑡)𝑝1 (𝑡) −
̇𝑝2 (𝑡)𝑝2 (𝑡))

= − (1 − 𝜀) (𝛾1 − 𝛾2) .
(21)

Proposition 2. In equilibrium, the rate of change of the
relative price of goods 1 to 2 equals the difference between
the technological growth rates of sector 2 and sector 1. The
differences in growth rates of labour shares are proportional to
the differences in the growth rates of the relative prices, with
the factor of proportionality given by one minus the elasticity of
substitution.

Proposition 3. Necessary and sufficient conditions for struc-
tural change are that 𝜀 ̸= 1 and that 𝛾1 ̸= 𝛾2. If 𝜀 > 1, the
sector of higher technological growth rate would expand faster
than the other, or alternatively if 0 < 𝜀 < 1, the sector of lower
technological growth rate would expand faster.

Propositions 2 and 3 are directly derived from (20) and
(21), which are, respectively, the analogs of Propositions 1
and 2 in [16]. Actually, the two propositions presented in
this study are expected to serve as simplifications of those in
[16]. Specifically, only two intermediate sectors are covered
in the model of this study without identifying how to use
the final goods (i.e., consumption, investment). However the
model in [16] consists of𝑚 sectors and identifies two different
kinds of final goods, one for consumption and the other for
investment.

Combining (1) and (14), the production of final goods can
thus be written as

𝑌 (𝑡) = 𝐴 (𝑡) 𝐸 (𝑡)𝛼 𝐿𝑀 (𝑡)1−𝛼 . (22)

And the production technology of final goods is

𝐴 (𝑡) = [ 2∑
𝑖=1

(𝐴 𝑖 (𝑡)𝜀−1 𝜙𝑖𝜀)]
1/(𝜀−1)

. (23)

By differentiating (23) and combining (19), the dynamics
of final goods production technology are identified as

𝛾 (𝑡) = 2∑
𝑖=1

𝑙𝑖,𝑀 (𝑡) 𝛾𝑖. (24)

Obviously, the final production technological growth rate
is quite different from that of sectoral goods since 𝛾(𝑡) is no
longer exogenously given and varies in line with structural
change.

Next, we consider the labour allocation between final
goods sector (i.e., the aggregate intermediate sectors) and
energy production sector. From (14) we can easily derive

𝐸𝑖 (𝑡)𝐿 𝑖,𝑀 (𝑡) =
𝐸 (𝑡)𝐿𝑀 (𝑡) =

𝛼1 − 𝛼𝐴𝐸 (𝑡) . (25)

Through plugging energy production function of (4) into
(25), we acquire

𝑙𝑀 (𝑡)𝑙𝐸 (𝑡) =
𝐿𝑀 (𝑡) /𝐿𝐿𝐸 (𝑡) /𝐿 = 1 − 𝛼𝛼 . (26)

Lemma 4. In the model economy, the relative quantities of
labour between final and energy sector equal the relative
income shares of labour and energy.

Lemma 4 is derived directly from (26), implying that,
given factor income shares, the labour input structure keeps
constant between the final and energy sectors regardless of
growth in total labour. In other words, the labour assigned to
intermediate sectors and energy sector keeps constant over
time when factor income shares are given; that is, 𝐿𝑀(𝑡) =𝐿𝑀, 𝐿𝐸(𝑡) = 𝐿𝐸.

We then explore the equivalence of labour and output
shares for measuring the (relative) industrial structure since
the latter is commonly used in data analytical framework.

With the combination of (15)–(17), we get

𝑝1 (𝑡) 𝑌1 (𝑡)𝑝2 (𝑡) 𝑌2 (𝑡) =
𝐿1,𝑀 (𝑡)𝐿2,𝑀 (𝑡) . (27)

Equation (27) indicates that it keeps consistent for labour
and output value to measure industrial structure between
intermediate sectors. Moreover, it also implies an equality
between total labour employed in sectoral economy and the
labour employed in the final economy (see (22)). Therefore,
is it the same case for the output value variable?

Combining (8) and (1), we derive the price of the final
goods as

𝑝 (𝑡) = [ 2∑
𝑖=1

𝜙𝑖𝜀𝑝𝑖 (𝑡)1−𝜀]
1/(1−𝜀)

, (28)

and the relationship between the aggregate intermediate
goods values and the final goods value can be explored by

2∑
𝑖=1

𝑝𝑖 (𝑡) 𝑌𝑖 (𝑡) = 2∑
𝑖

𝑝𝑖 (𝑡) [𝑝 (𝑡) 𝜙𝑖𝑝𝑖 (𝑡) ]
𝜀 𝑌 (𝑡)

= {{{
[ 2∑
𝑖=1

𝜙𝑖𝜀𝑝𝑖 (𝑡)1−𝜀]
1/(1−𝜀)}}}

1−𝜀

𝑝 (𝑡)𝜀 𝑌 (𝑡)
= 𝑝 (𝑡) 𝑌 (𝑡) .

(29)

Combining (27) and (29), we can obtain the equivalence
of labour and output value for industrial structure as

𝑝𝑖 (𝑡) 𝑌𝑖 (𝑡)𝑝 (𝑡) 𝑌 (𝑡) = 𝐿 𝑖,𝑀 (𝑡)𝐿𝑀 . (30)

Lemma 5. In the model economy, it is equivalent to measure
industrial structure by both labour and output value shares.

Lemma 5 implies that, instead of output value shares,
labour shares could be used to investigate the structural
change effect on the change of overall energy intensity.
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4. Energy Intensity Change

In this section, we identify the mechanisms of both sectoral
and economy-wide energy intensity change. First, we analyze
the technological conditions for the sectoral energy intensity
change.

Considering (25) and (26) (or Lemma 4), (2) could be
deduced as

𝐸𝑖 (𝑡)𝑌𝑖 (𝑡) =
1𝐴 𝑖 (𝑡) (

𝐸𝑖 (𝑡)𝐿 𝑖,𝑀 (𝑡))
1−𝛼

= ( 𝛼1 − 𝛼)
1−𝛼 𝐴𝐸 (𝑡)1−𝛼𝐴 𝑖 (𝑡) .

(31)

And the dynamics of (31) is

̇𝐸𝑖 (𝑡) /𝑌𝑖 (𝑡)𝐸𝑖 (𝑡) /𝑌𝑖 (𝑡) = Λ − 𝛾𝑖, (32)

where Λ = (1 − 𝛼)𝛾𝐸; the energy technological growth rate
weighted by labour income share serves as the threshold
determining directions of sectoral energy intensity change.
Therefore, the following proposition could be generated
directly.

Proposition 6. The sectoral energy intensity change depends
on the differences of sectoral and energy (threshold) technolog-
ical growth rates. If sectoral technological growth rate is high
enough, that is, 𝛾𝑖 > Λ, the sectoral energy intensity will
decrease. If sectoral technological growth rate is low enough,
that is, 𝛾𝑖 < Λ, the sectoral energy intensity will increase.
Specially, if 𝛾𝑖 = Λ, the sectoral energy intensity keeps constant
over time.

Proposition 6 shows the mechanisms of sectoral energy
intensity change in the model economy presented in this
study. Since the technological growth rates are assumed
exogenous and constant over time, it could be explored that
the change of sectoral energy intensity is monotonic. It is
different from that in the model by [10], where technology
is endogenously determined with DTC.

Considering Lemma 5 and through procedures of (31)-
(32), the change of overall energy intensity follows:

𝐸 (𝑡)𝑌 (𝑡) = ( 𝛼1 − 𝛼)
1−𝛼 𝐴𝐸 (𝑡)1−𝛼𝐴 (𝑡) , (33)

̇𝐸 (𝑡) /𝑌 (𝑡)𝐸 (𝑡) /𝑌 (𝑡) = Λ − 𝛾 (𝑡) =
2∑
𝑖=1

𝑙𝑖,𝑀 (𝑡) (Λ − 𝛾𝑖) . (34)

Equation (34) indicates that the change of economy-wide
energy intensity can be decomposed into output composition
change and sectoral energy intensity change disaggregated by
decomposed methods, or Sector Effect and Efficiency Effect
introduced in [10]. Furthermore, compared to themonotonic
change of sectoral energy intensity, the change of economy-
wide energy intensity may be nonmonotonic since (34) adds
a variable structure factor (𝑙𝑖,𝑀(𝑡)) which just reflects the

special influence of structural change on the overall energy
intensity change.

Without loss of generality, we impose the assumption of
sectoral technological growth rates as 𝛾1 < 𝛾2 throughout
the text. Then the change of economy-wide energy intensity
could be expressed in the following proposition.

Proposition 7. The economy-wide energy intensity change
is determined by sectoral energy intensity change as well as
structural change. With the assumption of 𝛾1 < 𝛾2, there
exist monotonic change of economy-wide energy intensity if the
energy threshold technological growth rate is (i) high enough,
that is,Λ ≥ 𝛾2, (ii) low enough, that is,Λ ≤ 𝛾1, or (iii) medium,
that is, 𝛾1 < Λ < 𝛾2, and not bigger than the initial final
production technological growth rate, that is, Λ ≤ 𝛾(0) for𝜀 > 1, or bigger than the initial final production technological
growth rate, that is, Λ > 𝛾(0), for 0 < 𝜀 < 1. Moreover, (iv) the
economy-wide energy intensity will develop nonmonotonically
if the energy threshold technological growth rate is medium,
that is, 𝛾1 < Λ < 𝛾2 and Λ > 𝛾(0) for 𝜀 > 1 or Λ ≤ 𝛾(0)
for 0 < 𝜀 < 1.
Proof. Given 𝛾1 < 𝛾2, we can obtain that 𝛾1 ≤ 𝛾(𝑡) ≤ 𝛾2
following (24) and the equality holds when only one sector
survives in the evolutionary process.

When 𝛾2 ≤ Λ (𝛾1 ≥ Λ), we can easily derive that𝛾(𝑡) ≤ Λ (𝛾(𝑡) ≥ Λ) and ̇(𝐸(𝑡)/𝑌(𝑡))/(𝐸(𝑡)/𝑌(𝑡)) ≥0 ( ̇(𝐸(𝑡)/𝑌(𝑡))/(𝐸(𝑡)/𝑌(𝑡)) ≤ 0) from (34), and the cases (i)
and (ii) are proved.

In order to prove the cases of (iii) and (iv), we take
derivation of (34) to 𝑡 and consider the labour share change
of sector 1:

𝑑( ̇(𝐸 (𝑡) /𝑌 (𝑡))/ (𝐸 (𝑡) /𝑌 (𝑡)))
𝑑𝑡 = −𝑑𝛾 (𝑡)𝑑𝑡

= ̇𝑙1,𝑀 (𝑡) (𝛾2 − 𝛾1) .
(35)

Given 𝛾1 < 𝛾2, we follow Lemma 4 and Proposition 3 to
get that the labour share of sector 1 will shrink if 𝜀 > 1 or
expand if 0 < 𝜀 < 1, which indicates

̇𝑙1,𝑀 (𝑡) ≤ 0
𝑑(( ̇𝐸 (𝑡) /𝑌 (𝑡)) / (𝐸 (𝑡) /𝑌 (𝑡)))

𝑑𝑡 = −𝑑𝛾 (𝑡)𝑑𝑡 ≤ 0
or ̇𝑙1,𝑀 (𝑡) ≥ 0

𝑑(( ̇𝐸 (𝑡) /𝑌 (𝑡)) / (𝐸 (𝑡) /𝑌 (𝑡)))
𝑑𝑡 = −𝑑𝛾 (𝑡)𝑑𝑡 ≥ 0

(36)

accordingly.
When considering 𝛾(𝑡), we conclude that it is nondecreas-

ing of 𝑡 (i.e., 𝛾(𝑡) ≥ 𝛾(0)) if 𝜀 > 1 or nonincreasing of 𝑡 (i.e.,𝛾(𝑡) ≤ 𝛾(0)) if 0 < 𝜀 < 1. Together with the conditions that𝛾1 < Λ < 𝛾2 and Λ ≤ 𝛾(0) (Λ > 𝛾(0)), we can obtain Λ ≤ 𝛾(𝑡)
if 𝜀 > 1 (Λ ≥ 𝛾(𝑡) if 0 < 𝜀 < 1). According to (34), the
monotonic change of overall energy intensity is proved for
case (iii).
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Table 1: Parameters.

Parameters Case 1 Case 2 Case 3 Case 4
(a) (b) (a) (b) (a) (b) (a) (b)

𝜀 3 0.5 3 0.5 3 0.5 3 0.51 − 𝛼 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7𝜑1 = 𝜑2 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5𝛾1 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02𝛾2 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04𝛾𝐸 0.06 0.06 0.01 0.01 0.05 0.05 0.05 0.05Λ 0.042 0.042 0.007 0.007 0.035 0.035 0.035 0.035𝐴1(0) 100 100 100 100 0.5 0.5 100 100𝐴2(0) = 𝐴𝐸(0) 1 1 1 1 1 1 1 1𝛾(0) 0.020 0.038 0.020 0.038 0.036 0.028 0.020 0.038

We next provide the proof of nonmonotonic change of
overall energy intensity for case (iv).

Referring to the fact that 𝛾(𝑡) is nondecreasing of 𝑡, that is,𝛾(𝑡) ≥ 𝛾(0) when 𝜀 > 1, with further assumption of 𝛾1 < Λ <𝛾2 andΛ > 𝛾(0), we can find a 𝑡∗ ∈ [0,∞) to satisfy 𝛾(𝑡∗) = Λ,
and the growth rate of overall energy intensity satisfies

( ̇𝐸 (𝑡) /𝑌 (𝑡)𝐸 (𝑡) /𝑌 (𝑡))
𝑡=𝑡∗ = 0. (37)

Since

𝑑(( ̇𝐸 (𝑡) /𝑌 (𝑡)) / (𝐸 (𝑡) /𝑌 (𝑡)))
𝑑𝑡 = −𝑑𝛾 (𝑡)𝑑𝑡 ≤ 0, (38)

we obtain directly that

̇𝐸 (𝑡) /𝑌 (𝑡)𝐸 (𝑡) /𝑌 (𝑡) ≥ 0 for 𝑡 ∈ [0, 𝑡∗] ,
̇𝐸 (𝑡) /𝑌 (𝑡)𝐸 (𝑡) /𝑌 (𝑡) ≤ 0 for 𝑡 ∈ [𝑡∗,∞) ,

(39)

indicating that the economy-wide energy intensity will grow
nonmonotonically like an inverted-U curve. When consider-
ing the case of 0 < 𝜀 < 1 and Λ ≤ 𝛾(0), the proof is parallel
to the case of 𝜀 > 1 and Λ > 𝛾(0) and is omitted. In this case,
the overall energy intensity will develop like a U curve.

5. Numerical Analysis

Propositions 2–7 provide the basic mechanisms of structural
and energy intensity change driven by underlying technolog-
ical differences. In this section, simple calibration and sim-
ulation exercise are employed to investigate the theoretical
findings. Without loss of generality, we assume a set of four-
category parameters in Table 1.

We assume substitution elasticities to be (a) 𝜀 = 3 and
(b) 𝜀 = 0.5 so as to explore different structural changes.
Labour income share (1 − 𝛼) uses the general proportion in
national income following, for example, [24]. The distribu-
tion parameters are assumed to be equal for simplicity; that
is, 𝜙1 = 𝜙2 = 0.5. The values of technological growth rates

of intermediate sectors are set following the assumption of𝛾1 < 𝛾2, and 𝛾𝐸 is set to satisfy different requirements ofΛ. Finally, we choose suitable values of initial technology for
different sectors and set 𝐴2(0) = 𝐴𝐸(0) = 1 for simplicity.

Simulations, based on the four cases in Table 1, are
proposed in Figures 1–4, respectively. Moreover, parametric
calibrations of Cases 1–3 refer to the cases for monotonic
change of economy-wide energy intensity in Proposition 7,
while Case 4 depicts the nonmonotonic change of economy-
wide energy intensity.

First, Figure 1 demonstrates uptrends of economy-wide
energy intensity of high energy threshold technological
growth rate (i.e., Λ = 0.042). Given 𝛾1 < 𝛾2, 𝜀 = 3 in
Figure 1(a) indicates that the labour flows out of sector 1 to
sector 2; that is, the labour share of sector 1 decreases but
that of sector 2 increases. Figure 1(b) illustrates the other
case for 𝜀 = 0.5 which results in an increasing labour share
of sector 1 and a decreasing labour share of sector 2. The
above structural changes follow Proposition 6 directly, since
structural change can be solely determined by substitution
elasticity when given 𝛾1 < 𝛾2. According to the assumed
technological parameters, energy intensities of both sectors
increase. Following Proposition 7, the overall energy intensity
also increases; however, with different growth rates affected
by structural change, cases of Figures 1(a) and 1(b) are
accompanied with declining and increasing growth rates,
respectively.

Second, Figure 2 depicts downtrends of economy-wide
energy intensity when both sectoral energy intensities are
decreasing. Specifically, Figure 2(a) illustrates the energy
intensity development for high elasticity of substitution, that
is, 𝜀 = 3, while Figure 2(b) depicts the other case for𝜀 = 0.5. It shows that the dynamics of labour shares of
sectors 1 and 2 stay in line with that of Figures 1(a) and
1(b), respectively. Furthermore, due to low energy threshold
technological growth rate (i.e., 𝛾𝐸 = 0.01), the sectoral energy
intensity decreases, tracked by the overall energy intensity.
However, similar to Figure 1, structural adjustments between
the two sectors influence the overall downtrend of economy-
wide energy intensity, for instance, the growth rate of the
decrease in Figure 1(a) gets eased while that in Figure 1(b)
extends.
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Figure 1: Increasing trend of economy-wide energy intensity with high energy technological growth rate, (a) 𝜀 = 3 and (b) 𝜀 = 0.5.
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Figure 2: Decreasing trend of economy-wide energy intensity with low energy technological growth rate, (a) 𝜀 = 3 and (b) 𝜀 = 0.5.

Third, Figure 3 follows the specifications of Case 3 in
Table 1. Similar to Figures 1 and 2, the labour in Figure 3 is
reallocated from sectors 1 to 2 for 𝜀 = 3 and from sectors 2 to
1 for 𝜀 = 0.5.Moreover, the assumed energy threshold techno-
logical growth rate (i.e.,Λ = 0.035) is bigger than the assumed
technological growth rate of sector 1 but smaller than that
of sector 2, implying a decreasing trend of energy intensity
for sector 1 and an increasing trend of energy intensity for
sector 2. The change of economy-wide energy intensity is
thus determined by the relative influential magnitude of
structural change and the dynamic sectoral energy inten-
sity gaps. In Figure 3(a) (𝜀 = 3) and Figure 3(b) (𝜀 = 0.5), the
assumption of 𝛾(0) ≥ Λ (𝛾(0) < Λ) indicates that both

the sectoral energy intensities grow separately since the very
beginning without any crossing over time, which finally
results in the monotonic change of economy-wide energy
intensity.

Finally, following the specifications of Case 4 in Table 1,
there exist two different stages for the change of economy-
wide energy intensity, as illustrated in Figure 4. Moreover,
the inverted-U and U shapes of overall energy intensity are
shown in Figures 4(a) and 4(b), respectively. A comparison
of both figures demonstrates that the underlying reason for
different change shapes of economy-wide energy intensity
lies in different substitution elasticities, that is, 𝜀 = 3 for
Figure 4(a) and 𝜀 = 0.5 for Figure 4(b). Above all, the assumed
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Figure 3: Monotonic change of economy-wide energy intensity with medium energy technological growth rate, (a) 𝜀 = 3 and (b) 𝜀 = 0.5.
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Figure 4: Nonmonotonic change of economy-wide energy intensity withmedium energy technological growth rate, (a) 𝜀 = 3 and (b) 𝜀 = 0.5.

medium energy threshold technological growth rate provides
the necessity for nonmonotonic change of the economy-wide
energy intensity, and the substitution elasticity turns into the
underlying driving force for the specific shape of economy-
wide energy intensity change through structural change.

6. Conclusions

Until recently, there has been an abundance of empirical
studies on the analysis of energy intensity change. However,
little research has aimed to explore the underlying mecha-
nisms through theoretical approaches, with the exception of

[10] that provides a marginally modified model of [11] with
DTC as a trial to fill the gap. In this paper, we introduce
a different theoretical model extended from [16] with an
inclusion of endogenous energy production sector, focusing
on the exploration of how structural change occurs and
affects the change of overall energy intensity.

Comparedwith [10], sectoral technological developments
in this model are exogenously determined by given techno-
logical growth rates. With these specifications, the mecha-
nisms of sectoral and economy-wide energy intensity changes
become more concise and intensified than those of [10]. For
instance, (1) the sectoral energy intensity change is driven
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by the differences amid sectoral and energy technological
growth rates, (2) the change of economy-wide energy inten-
sity is subject to a combined effect of structural and sectoral
energy intensity change, and (3) this model is more flexible
for analyzing nonmonotonic change of economy-wide energy
intensity (i.e., U or inverted-U curves), whereas separate
scenarios of energy price growth must be combined together
to work it out indirectly in [10].

Through theoretical model and simulation exercises,
major findings in this research are concluded as follows. (i)
Structural change affects the growth rates of economy-wide
energy intensity. (ii) When the energy threshold technologi-
cal growth rates are high (or low) enough, the overall energy
intensity will increase (or decrease). (iii) Given moderate
energy threshold technological growth rate and suitable
combination of substitution elasticity and initial final pro-
duction technological growth rate, the economy-wide energy
intensity will grow monotonically; on the contrary, with
the other suitable combination, the economy-wide energy
intensity will grow nonmonotonically, like U or inverted-U
curves. The above findings can be applied to further explain
the heterogenous energy intensity developments in different
countries.

This paper tries to provide an alternative framework
to explore the underlying mechanisms of energy intensity
change. However, we only explain how structural change
occurs and how it influences the overall energy intensity
change, but do not consider the other driving force, that is,
energy transition, which also plays an important role in the
energy intensity change, especially in the long run (see [25]).
Therefore, how to build a theoretical framework combining
structural change and energy transition to better explore
the underlying mechanisms of energy intensity change is an
interesting and valuable work. On the other hand, techno-
logical differences are only one of the underlying reasons
for structural change, so whether the other mechanisms can
explain the change of economy-wide energy intensity as well
(or better) is worth studying.
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