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ABSTRACT

Energy efficiency enhancement is considered a solution for enhancing energy conservation and 
sustainability. The present study deals with two major challenges in improving energy efficiency: 
the initial investment cost and the rebound effect. Funding of energy efficiency solutions and 
mitigating the rebound can be achieved through energy subsidy reduction. To be an effective 
policy, there must be a plan that considers the dependency between energy efficiency, avoided 
subsidy, and required funds for all efficiency solutions. Thus, there is a problem at the aggregate 
level of the economy whose roots are in engineering details.

The combination of a top-down dynamic general equilibrium model with a bottom-up efficiency 
improvement module is used to find the set of efficiency practices that should be realized in each 
period along with the required increase in energy prices. Choosing efficiency practices depends 
on their costs and the available funds that are retrieved from avoided subsidies in the previous 
period. The model is applied to the energy-intensive industries in Iran. 

The model results show that using the recommended policy, over less than ten years, the energy 
efficiency of electrical and natural gas equipment in energy-intensive industries of Iran can be 
increased by 12.7% and 18.1% respectively. The rebound effect starts with values above 80% and 
then falls below 0% which indicates the success of the proposed policy in mitigating the rebound 
effect. Results also demonstrate that the implementation of the policy realizes the 4% reduction 
in CO2 emissions by 2030 which is Iran’s unconditional pledge. 
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1 Introduction

The industry and especially, the energy-intensive indus-
tries have a high share of energy consumption in the 
world. After allocating electricity and heat emissions to 
final sectors, i.e., accounting for the emissions associated 
with electricity and heat generation, the industry is found 
to be the largest emitting sector, with over 40% of global 
GHG emissions in 2019. [1]. According to the report of 
the latest energy balance sheet released in Iran, industries 
(excluding energy industries) consumed 2.3 TJ in 2019 [2].

Improving energy efficiency is regarded as an 
important solution to reduce energy consumption and 

mitigate climate change. In 2018 it was claimed that if 
all the available cost-effective energy efficiency potential 
are realized by 2040, the global energy intensity could 
be halved from 2018 levels by 2040. [3, p.27]. 

Literature on evaluating the effects of improving 
energy efficiency is vast. From an economic perspective, 
increasing energy efficiency may not be as successful as 
expected in reducing energy consumption. The reason 
lies in the fact that energy efficiency improvement 
reduces the effective price of energy which increases the 
demand for energy services. Therefore, part of the 
expected energy saving becomes offset [4]. This is 
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called the rebound effect. A wide variety of economic 
models has been employed to measure the magnitude of 
rebound at the sectoral and economy-wide levels. The 
economy-wide rebound captures all the price and income 
effects that might propagate throughout the economy as 
a result of increasing energy efficiency. 

The studies on the economy-wide rebound can be 
divided into two categories based on their approach to 
introducing the energy efficiency in the model [5]. The 
first category which comprises the majority of economy-
wide rebound studies is based on realized efficiency 
improvement, and too little or no explanation is given 
about how the efficiency is increased (in technical 
meaning) or how the energy productivity is improved 
(in economic terms). In these studies, energy efficiency 
enhancement is included using some aggregate 
parameters such as increasing energy productivity and 
autonomous energy efficiency improvement (AEEI). 
The trend of changes in these parameters is exogenously 
fed into the model and the associated effects are 
analyzed. Increasing energy efficiency is costless and 
thus the economics of energy efficiency increase is not 
fully considered.  

The second category of studies is based on potential 
efficiency improvement, i.e., these studies estimate the 
rebound effect from an actual, typically costly, energy 
efficiency policy and are called policy-induced energy 
efficiency improvement [6]. 

The importance of including efficiency costs in 
rebound effect estimation has been highlighted in many 
studies. Greening et. al [5], who raised the issue of 
capital cost in rebound estimation, stated that 
measurement of the rebound declines in size due to 
explicit consideration of the capital cost of efficiency 
enhancement. Therefore, including costs of increasing 
efficiency may lead to a more precise estimation of the 
rebound effect. 

The present study aims at investigating the economy-
wide effects of increasing energy efficiency (in technical 
terms) based on the second approach. In addition to 
including the costs of efficiency practices, the novelty of 
the present paper is that it decides where the efficiency 
improvement should come from (in technical meaning). 
The efficiency solutions are based on viable previously 
studied efficiency potentials in the energy-intensive 
industries of Iran. The other novelty of the paper is that 
the model can prioritize energy efficiency potentials 
based on their costs and benefits and then implements 
them in the economic model. 

The economic model is a general equilibrium model 
and has the capability of assessing the economy-wide 
effects of increasing energy efficiency. Computable 
General Equilibrium (CGE) models are the most 
appropriate approach to use in evaluating the economy-
wide rebound [7]. As Greening et al. [5] note, ‘prices in 
an economy will undergo numerous, and complex 
adjustments. Only a general equilibrium analysis can 
predict the ultimate result of these changes.’

Because the required investment and the economy-
wide response to implementing energy efficiency 
solutions are included in the model, the results of the 
model determine the set of energy efficiency potentials 
which should be realized each year along with the 
required investment and economy-wide rebound effect. 

Determination of energy efficiency pathways can 
help analyze the rebound mitigation policies. For each 
year, the efficiency potentials and the reduction in the 
effective price of energy can be calculated. 

Rising energy prices is one of the main solutions to 
deal with the rebound effect because it neutralizes the 
decline in effective energy price [8, 9]. Where energy is 
subsidized, this approach can reduce the energy subsidy 
and rebound effect simultaneously, and thus it is regarded 
as a win-win solution [10]. Given the dependency 
between the energy price and efficiency improvement, 
the use of mixed instruments creates synergy in reducing 
energy consumption. Using the combination of the 
financial instruments (such as pricing and taxation and 
increasing energy efficiency simultaneously, contributes 
to the correct pricing of energy as well as eliminating the 
rebound effect [11].

Birol and Keppler [12] define the policy of price 
change and the technology development of efficiency 
improvement as two faces of the same reality which 
should be developed together. Thus, the present study 
contributes to the current studies in two aspects. First, it 
determines the energy efficiency pathway and calculates 
the economy-wide rebound effect based on engineering 
details of energy efficiency solutions. Second, it determines 
a temporal subsidy removal plan that would mitigate the 
rebound effect. It is worth noting that the proposed 
approach in including efficient technologies and increasing 
energy efficiency is generic and can be applied to 
economic models that study the rebound effect. 

The present study is organized as follows. Section 2 
discusses the literature on the rebound effect and focuses 
mainly on the studies that deal with mitigating the 
rebound. Section 3 illustrates the model and the 
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Although applying mixed instruments in 
counteracting the rebound has a theoretical foundation, 
few studies have been conducted on the evaluation of 
the impact of using mixed instruments on counteracting 
the rebound effect. In a study performed in Austria, the 
energy tax was used to deal with the rebound effect 
[20]. The study evaluated the standardization of 
equipment along with energy tax as a useful instrument 
in reducing energy consumption in the household 
sector. It integrates the aggregate technological 
variables as a driver of energy demand. 

In an attempt to study the effect of the revenue_
neutral financing of incentive efficiency programs from 
avoided energy subsidies, Gopal et al. [21] at Lawrence 
Berkeley National Laboratory (LBNL) used the LBNL 
Energy Efficiency Revenue Analysis model to estimate 
the amount of energy that can be saved in several 
emerging economies. They calculate the savings from 
avoided subsidies achieved through energy efficiency 
from an engineering perspective. 

The benefits from energy savings and the savings 
from avoided subsidies are compared with the 
associated costs in the lifetime of chosen appliances in 
the household sector. As an example, the net present 
value of the savings from avoided subsidy as a result 
of 25% efficiency improvement for a 15-year lifetime 
refrigerator is $150. Compared to the $107 incremental 
cost of the efficient refrigerator, a government 
incentive result in $43 savings from avoided subsidies. 
The amount of energy savings is corrected with the 
value of rebound that is exogenously given to the 
model based on literature estimates (e.g., an 11 % 
rebound for refrigerators). Although engineering 
details are accounted for, the economic interaction 
among agents is not included in the model.

Li et al. examined the impact of the subsidy 
elimination on the rebound effect by using a CGE 
model for China and suggested that renewable resources 
should be subsidized to reduce the adverse economic 
effects caused by eliminating fossil fuel subsidies [16]. 
They introduced the autonomous energy efficiency 
improvement (AEEI) parameter as an indicator of 
energy efficiency enhancement and set scenarios with 
different exogenous technology advancement levels 
from 1% to 7%. Following different subsidy removal 
programs, the calculated rebound range from 95.8% (no 
subsidy removal) to -23.1% (all fossil energy subsidy is 
removed, additional energy subsidy rate for some 
energy carriers). 

methodology for incorporating the proposed energy 
efficiency program. Results of the model are presented 
in section 4. Finally, section 5 concludes the suggestions 
in the field of evaluating the effects of energy efficiency 
improvement and discusses the policy implications of 
the present study.

2 Literature review

Most estimates of the rebound are based on realized 
rather than potential efficiency improvement, i.e., these 
estimates capture the trade-offs ex-post, and too little or 
no explanation is given to how to increase the efficiency 
(in technical meaning) or how to improve energy 
productivity (in economic terms). 

There are numerous studies estimating the rebound 
effect of realized energy efficiency enhancement. 
Examples include Grepperud and Rasmussen who 
studied the rebound effect in Norway by interpreting 
efficiency improvements as exogenous factor 
productivity changes [13], a study by Broberg et al. in 
which the rebound effect was calculated in the Swedish 
economy as a result of a 5% exogenous increase in 
efficiency of industrial energy use [14], Wei and Liu 
who assumed that the energy efficiency in 2040 is 10% 
higher than the BAU case for all non-energy sectors in 
all regions of the world [15], Li et al. who studied the 
rebound effect associated with exogenous improvement 
in autonomous energy efficiency improvement (AEEI) 
parameter [16] and Lu et al. who assumed that energy 
efficiency of five types of energy carriers is improved by 
5% and 10% in production sectors of China [17].

All these studies assume a costless efficiency increase. 
In addition, as Zimmerman et al. indicated in their study, 
the rebound effect must be assessed with attention to the 
relationship between energy and capital (complementarity/
substitutability). Otherwise, the rebound would be 
overestimated [18]. A correct estimate of rebound is 
important especially in the energy-intensive industries 
and developing countries because the magnitude of 
rebound may be higher.

The rebound effect in energy-intensive industries is 
higher due to the higher share of fuel costs in these 
industries. Developing countries have a higher potential 
for the occurrence of the rebound effect, due to the non-
saturation of energy consumption [18]. When the value 
of the rebound effect is high, relying only on efficiency 
improvement is not effective and other tools should be 
used to reduce energy consumption [19]. The literature 
on rebound mitigation is yet sparse [16]. 
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Figure 1: The schematic cause and effect diagram of the proposed energy efficiency plan
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From an economic perspective, increasing energy 
efficiency reduces energy consumption. Because energy 
is subsidized, reducing energy consumption reduces 
energy subsidy payments. In addition, efficiency 
enhancement reduces the cost of energy services and 
this is the main driver of the rebound effect. To mitigate 
the rebound, a reduction in the cost of energy services 
should be neutralized. Thus, energy prices should 
increase (i.e., energy subsidies should be reduced). 

Both the reduction in energy demand and energy 
subsidy release subsidy funds. The revenue from 
increased energy prices (avoided subsidies) can be used 
to finance the next group of selected energy efficiency 
solutions. The suggested process of realizing energy 
efficiency potentials is illustrated in Fig. 1. The process 
can be continued until all viable efficiency solutions are 
implemented. The production function of the general 
equilibrium model is modified to capture these effects. 

To consider the technical details of the energy 
efficiency improvement projects, an efficiency 
improvement module is developed and linked to the 
dynamic general equilibrium model. The CGE model 
calculated the total volume of available financial 
resources that can be allocated to efficiency enhancement 
and the efficiency improvement module selects the 
energy efficiency improvement solutions based on the 
financial resource constraint. The total amount of energy 
savings and the change in the Leontief coefficients of 
the energy-intensive industries are determined in the 
efficiency improvement module and are considered as 
input data to the general equilibrium model. 

Figure 2 displays the conceptual model of the 
relationship between the manufacturing section of  
the energy-intensive industries in the CGE model and 
the efficiency improvement module. A detailed 
mathematical explanation of the modifications is 
presented in Section 3.3. 

3.1 Array of energy efficiency solutions
Energy efficiency solutions are specified as an array of 
discrete technologies. Barkhordar et al. [23] evaluated 
efficiency improvement potentials in energy-intensive 
industries of Iran including steel, aluminum, cement, 
brick, glass, and paper industries. Based on their study 
and the value of energy-saving potentials and their 
relevant costs, the efficiency improvement solutions for 
which the government is supposed to supply their 
financial resources are organized. There are 42 out of 79 
efficiency opportunities that have payback periods under 
three years. Implementing all of the studied efficiency 

Li and Lin [22] analyzed the impact of fossil-fuel 
subsidies on the rebound effects across Chinese sectors 
using the input/output model. They calculated the 
aggregate technological advancement in each sector 
from 2006- to 2010 based on the Leontief matrix of the 
Chinese input/output table. The rebound effect is then 
calculated based on the reduction in energy consumption 
and output growth promoted by technological 
advancement. Their analysis shows that the aggregate 
sectors’ rebound effect without subsidy removal has 
been 11.31% and if the subsidies were removed, the 
rebound effects could have been 10.64%. 

In addition, the technical aspects of increasing energy 
efficiency play a vital role in determining the level of 
efficiency enhancement. There is certainly a bound on 
the level of technically possible energy conservation and 
this bound varies across sectors. 

3 Conceptual and Methodological frameworks

Theoretically, improving energy efficiency reduces the 
cost of provided energy services. Energy subsidies can 
be reduced to stabilize the effective price of energy. 
Avoided subsidies can be used as a source of financing 
for energy efficiency programs. The proposed program 
curbs the growth of energy consumption via decreasing 
the rebound and overcoming the first cost barrier in 
efficiency investment and can also reduce energy 
subsidies. 

The suggested process of realizing energy efficiency 
potentials is described hereafter. Curtailing energy 
demand using energy efficiency increase initially 
requires comprehensive knowledge about energy 
efficiency potentials. Therefore, as the first step, the 
energy efficiency potentials in the energy-intensive 
industries of Iran are found and the corresponding costs 
(investment and O&M) and benefits (energy saving and 
emission reduction) are analyzed. The gathered 
information comprises an array of energy efficiency 
potentials. More detail on the array and efficiency 
potentials will be given in Section 3.1.

Depending on the available funds, efficiency solutions 
are chosen in a bottom-up manner and are then translated 
to a top-down general equilibrium model. The 
computable general equilibrium (CGE) model is an 
appropriate choice in analyzing economy-wide effects 
of efficiency improvement due to the consideration of 
different economic sectors, economic agents, and their 
interactions. An overview of the CGE model of Iran is 
presented in Section 3.2. 
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solutions is expected to save more than 110 peta-Joule. 
This is an engineering-based calculation of the energy-
saving potential. A shortlist of selected solutions is 
presented in Table A1.

Various criteria for prioritizing projects are available, 
such as net present value (NPV) and Internal Rate of 
Return (IRR). In the current analysis, it is supposed that 
the government is concerned with energy-saving and 
emission reduction and it does not aim at making money 
from energy cost savings. Therefore, the financial flow 
of the benefits from the implementation of energy 
efficiency solutions is not transferred to the government. 
Instead, the amount of saved energy and the corresponding 
costs are important for the government in prioritizing 
solutions. The higher the energy saving from one dollar 
investment in energy efficiency practices, the better. The 
efficiency improvement solutions are ranked based on 
the energy-saving potential per unit of required 
investment. 

It should be noted that energy can be conserved 
through different strategies. In some industries, saving 
energy may be accompanied by reducing capital, not 
adding investments. This is the case where the 
production process is changed. In such cases, energy 
and capital are complements. However, the present 
study only deals with energy efficiency solutions that 
save energy by replacing old technologies with more 
efficient technologies or by installing systems that 
increase the efficiency of a system. Hence, capital and 
energy are substitutes.

The array of energy efficiency solutions is fed into the 
CGE model. The structure of the CGE model is presented 
in the next section.

3.2 The general equilibrium model
The General Equilibrium Model of Iran’s economy 
(GREMI) is a recursive multi-sector and dynamic 
model. The developed model is consistent with 
neoclassical general equilibrium models, as explained in 
[24]. The central core of the model is the static general 
equilibrium model explained in [25]. A detailed 
description of the model along with model validation is 
presented by Barkhordar and Saboohi [26]. The agents 
have comparative expectations. The reason lies in the 
fact that the assumption of complete knowledge of 
agents about the future, especially in a country where its 
economy is in transition, is not reasonable. Therefore, it 
is better to consider the agents’ behavior in response to 
the policies as a comparative expectation. The effects of 
policy-making are examined from 2018-to 2030. 

The CGE models have the advantage of considering 
all economic agents, their behaviors, and the financial 
transaction among them. Economic agents in the model 
are urban and rural households, 14 activities, the 
government, and the rest of the world. 

Based on neoclassical foundations, households’ 
demand for goods and services is determined based on 
their motivation toward maximizing their utility from 
consumption subject to their budget constraint. The 
linear expenditure system (LES) is used to represent 
household demand (Eq. (1)). In the linear expenditure 
system, the minimum subsistence requirement is 
imposed on each good. This subsistence parameter is 
considered a direct function of the population. Thus, 
unemployed people need to meet their minimum 
subsistence requirement although the revenue of 
employed persons supplies the expenditure of the whole 
people of the community. Therefore, it is assumed that 
the income of the employed people is primarily used to 
meet the minimum needs of all individuals, and then, the 
remaining value is divided among different groups of 
goods and services by constant ratios.

	
I

i,t ,h
i,t ,h i,t ,h t ,h j,t ,h j,t ,h

j 1i,t ,h

( P )     
P =

α
= β + × µ − β ×∑x � (1)

In which xi,t,h  is the demand for commodity i by the 
household type h at time t. αi,t,h  is the share parameter, 
the βi,t,h is the subsistence bundle, and the μt,h is the 
household total expenditure. The value of demand 
parameters α and β are given in Table A2. The income-
expenditure balance of households is considered an 
identity in the model. Households supply labor and their 
savings and earn income, pay tax and receive a direct 
transfer from the government.

Firms produce commodities and demand capital, 
labor, energy, and material. Firms try to maximize their 
profit subject to their production function. The 
production function of firms has a nested structure in 
which the primary inputs (labor and capital) are 
combined under the constant elasticity of substitution 
(CES) function and generate the added value of the 
firm. The intermediate inputs (materials and energy) are 
also combined based on a fixed proportion (Leontief 
production function) and constitute the total intermediate 
input (Eq. 2). Further, the total intermediate input and 
the added value of the firm are combined according to 
the Leontief production function.  The nested production 
function is illustrated in Fig. 2.



International Journal of Sustainable Energy Planning and Management Vol. 35 2022 	 103

Zahra Adel Barkhordar

	 , ,= ×c a c a aQINT ica QINTA � (2)

Where:
QINTa,c:	� Quantity of intermediate input c in produc-

tion sector a
QINTAa:	� Quantity of aggregate intermediate input in 

production sector a
ica a,c:	� Leontief coefficient for intermediate inputs 

c in production sector a
ica a,c reflects the share of intermediate inputs in 
producing one unit of output. For energy carriers that are 
used as intermediate inputs to industries, this coefficient 
indicates how much energy is used in producing one unit 
of output. It is thus a measure of energy efficiency in 
economic terms. This is the main connection point 
between the efficiency module and the CGE model.

Energy productivity changes in response to energy 
efficiency improvement. The effect of the energy 
efficiency program on energy and capital productivity is 
explained in the next section.

The government is considered an agent who demands 
commodities, receives taxes, and makes investments. 
Given the difference in the incentives for governmental 
investment relative to the private sector, these two 
sectors and their dynamics are included in the model 
differently to reveal the effects of the non-optimal 
allocation of governmental investment in manufacturing 
activities on production. 

For private sectors, the allocation of capital to each 
sector is determined based on its relative return to capital 
[27]. However, governmental investment is considered 
as the allocation of a certain share of the development 
budget to various sectors such as services (defense, 
public health, etc.), oil and gas, and industry. In contrast, 
the private sector investment is a function of the 
profitability of manufacturing units in the past period.

The CGE model clears markets for commodities and 
primary factors by finding a vector of prices that equals 
the aggregate demand with the aggregate supply. The 
rest of the world is considered as the origin of imports to 
and destination for export from a country. The current 
account is considered in the model to balance the supply 
and demand of foreign currency. The CGE model 

presented so far is not adapted to include the efficiency 
solutions. It should be further modified to include the 
mechanism of the efficiency program. The economic 
challenge of specifying energy efficiency solutions in 
the CGE model is discussed in the next section and the 
proposed solution is elaborated.

3.3 Representation of energy efficiency solutions
Engineers choose among different technologies based 
on technical details of the technologies. There is always 
a criterion such as a project cost or the project benefit 
that should be minimized or maximized. The energy and 
mass balance are usually included in engineering models. 
For an end-use technology, the energy balance can be 
stated as a relationship between the energy input of the 
technology (Final Energy) and the useful energy that the 
technology provides (Useful Energy). (Eq. (3))

	 _ _= ×Useful Energy Final Energyη � (3)

Where η is the physical energy efficiency of the 
technology. The formulation looks similar to a Leontief 
production function. In increasing the energy efficiency 
of a production process, there is a trade-off between 
energy and capital. The decision about whether to invest 
in an energy efficiency solution or not is made based on 
maximization or minimization of the chosen criteria, 
such as cost minimization of the process.

Economists, on the other hand, use production 
functions to show the aggregate relationship between 
real output and input factors. The production function is 
commonly used to represent a production process. A 
suitable production function should be able to depict the 
range of substitution possibilities. The parameters of the 
function are measured from real data using regression 
analysis. Using the regression results for the future 
requires the assumption that the underlying production 
function causing the relationship between the input 
factors and real output is valid beyond the range of the 
historical data. The validity of this assumption is 
questionable when efficient technologies are new or 
when increasing efficiency has not been a concern 
before and historical patterns do not have inside 
information about using existing efficient technologies. 

Table 1: Efficiency improvement in energy intensive industries
Efficiency enhancement 2019 2020 2021 2022 2023 2024 2025
Electricity 1.53% 3.95% 5.22% 0.53% 0.38% 0.58% 0.41%
Natural gas 16.74% 0.11% 0.31% 0.54% 0.37% 0.00% 0.04%



104	 International Journal of Sustainable Energy Planning and Management Vol. 35 2022

Investigating the cost-effective energy efficiency practices with mitigated rebound: the case of energy-intensive industries

When energy-efficient technology is new, Herring 
and Sorrel [7] suggest including technology parameters 
that can affect the inputs of production factors. The 
technology parameters depict how technology can 
make each input more effective in producing output by 
simply multiplying the inputs by a technology 
parameter. As they also mention on page 115, “the task 
of estimating the parameters of such (production) 
functions is also challenging”. 

From an engineering perspective, using production 
functions for energy-saving studies has two challenges. 
First, non-linear production functions do not necessarily 
follow the law of conservation of energy. Second, the 
parameterization of substitution possibilities with highly 
aggregated production functions is difficult to validate 
empirically.

To resolve these issues, this study attempts to benefit 
from engineering details of energy efficiency solutions 
within an economic production function. Discrete energy 
efficiency solutions are ranked in an array of efficiency 
potentials based on their energy savings to cost ratio. In 
each period, a set of efficiency solutions are chosen 
depending on their energy savings to cost ratio. The total 
cost of implementing selected solutions should not 
exceed the efficiency funds provided by the government.

According to the technical specification of efficiency 
solutions, implementing the kth efficiency solution 
reduces energy consumption by ΔEEk percent and 
requires investment equal to EEIk. Implementing Nt 

efficiency solutions in year t results in a ∆∑
N

k
k

EE  percent 

decrease in aggregate energy demand of a production 
sector. The aggregate energy demand in the nested 
production function of energy-intensive industries is 
represented by fixed (Leontief) coefficients. 

Implementing energy efficiency practices reduces the 
energy demand per unit of output. To represent energy 
efficiency enhancement in the production function of 
energy-intensive industries, the Leontief coefficients of 
energy input ( , ,

Base
energy a tica ) in the baseline scenario (the 

scenario in which efficiency enhancement is not funded 
by the government and everything continues as it did in 
the past) should be multiplied by a productivity factor. 
(Eq. (4)) The productivity parameter (τe) is calculated 
each year after the implementation of energy efficiency 
solutions (Eq. (5)). 

	 , , , , , :    = ×EE Base
energy a t energy a t j tica ica e j types of final energyτ �(4)

	 , ,1 :   = + ∆∑j t k j
k

e EE k energy efficiency solutionsτ � (5)

Where . ,
EE
energy a tica  is the updated Leontief coefficient, τej,t 

is the energy productivity factor that demonstrates how 
increasing energy efficiency could make energy input 
more effective in producing output. ΔEEk,j is the 
percentage change in energy consumption due to the 
implementation of energy efficiency solution k. 
Investment in increasing energy efficiency increases 
the capital stock of the production sector under the 
same quantity of real output. The capital productivity 
factor, τkj,t , demonstrates how increasing energy 
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efficiency changes the productivity of capital in 
producing output. The capital productivity factor is 
derived from Eq. (6).

	
,

,

1  :   ,
1

:  

=
+ ∑j t

k jk

k j types of final energy
I

k efficiency solutions

τ
� (6)

Where Ik,j is the required investment to implement 
efficiency solution k. The same can be defined for the 
labor productivity factor, τlj,t, although in most cases 
efficiency solutions are assumed to be neutral concerning 
labor demand (i.e., τlj,t= 1).

Considering the productivity factors, the general 
expression for the production function takes the form of 
Eq. (7). It should be noted that the productivity factors 
are endogenously calculated each year based on the 
selected efficiency solutions. This feature of the model 
enables it to find the optimum pathway for increasing 
energy efficiency.

	 ( ), , ,  = × × ×t t t t t t tQA f k K l L e E Mτ τ τ � (7)

In each period, the set of energy efficiency potentials is 
chosen such that the total amount of investment does not 
exceed the total available funds (Eq. (8))

	
, ,

,

       :    ,

:  

≤∑ k j t t
k j

the I Fund j types of final energy

k efficiency solutions
� (8)

Except for the starting year of the efficiency 
program, where the amount of funds is supplied 

from the government budget, the total available 
fund is calculated based on the amount of avoided 
subsidies (Eq. (9))

	 , , . :     = ∆∑ EE
t j t j t

j

Fund ED subsidy j types of final energy �(9)

Where ,∆ EE
j tED  is the realized energy demand reduction 

of energy-intensive industries and subsidy is the rate of 
energy subsidy for energy type j. In contrast to the 
expected energy demand reduction which is known a 
priori to model execution, the realized energy demand 
savings are determined based on model results. The 
success of the efficiency program in curtailing the 
demand is assessed using the rebound effect. In other 
words, the realized energy demand savings is equal to 
the expected energy demand saving corrected for the 
rebound effect. The calculation of the rebound effect is 
explained in the next section. 

3.4 Rebound effect calculation
The rebound effect is calculated to examine the success 
of the proposed efficiency program in reducing the 
energy demand. The rebound effect is calculated using 
Eq. (10) [28]. 

	 1 t
t

t

AES
RE

PES
= − � (10)

Where REt illustrates the value of the rebound effect in 
each year, AESt indicates the actual energy saving that is 
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Figure 4: The economy-wide rebound resulting from the efficiency improvement of the electricity-consuming and natural gas-consuming 

devices in the energy-intensive industries
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realized in each year, and PESt is regarded as the 
expected value of energy savings based on engineering 
calculations. In economy-wide rebound effect calcula-
tions, the economy-wide expected value of energy-sav-
ing is calculated based on the expected value of energy 
savings in energy-intensive industries, as well as the 
share of energy-intensive industries in energy consump-
tion (Eq. (11)).

	 j,te  = α × τ∑t t
j

PES � (11) 

Where α indicates the share of energy consumption of 
the energy-intensive industries from national energy 
consumption and eτ  indicates the efficiency improvement 
of the energy-intensive industries. 

4 Model Results 

Based on environmental concerns, petroleum products 
in the industries of Iran have been substituted by natural 
gas to a large extent. The share of petroleum products in 
the energy consumption of industries in Iran has 
decreased from 38% in 2000 to 9% in 2019 [2, 29]. The 
vector of energy efficiency potentials in energy-intensive 
industries of Iran only contains solutions that decrease 
the demand for electricity and natural gas. Therefore, oil 
demand is not directly affected by the implementation of 
the energy efficiency program. 

For 2019 which is the first period of the analysis, it is 
assumed that the government finance the energy efficiency 
solutions from the development budget. The amount of 
funds is set equal to 0.1% of the oil revenues of 2019.  
After that, the required funds are supplied from avoided 
subsidies.

Based on the supplied funds, the energy efficiency 
solutions are chosen in the model depending on their 
costs. Based on model results, some of the efficiency 
solutions which are selected in the first period of starting 
the program include hot air channel insulation and heat 
recovery from the chimney in the brick industry, the use 
of waste fuels for agglomeration (waste coal), adding 
automation system and process control in coking in the 
steel industry and the optimization of heat recovery in 
clinker cooling in the cement industry. 

Table 1 shows the pathway of realizing energy 
efficiency potentials in energy-intensive industries. The 
results show that all efficiency enhancement solutions 
can be financed before 2026. The efficiency solutions in 
each year are chosen based on their energy-saving 

potential per unit of required investment and based on 
released funds from avoided subsidies in the previous 
year. After seven years, the viable predetermined energy 
efficiency solutions in energy-intensive industries are all 
implemented. This contributes to the cumulated amount 
of 12.7% electricity end-use efficiency improvement 
and 18.1% natural gas end-use efficiency improvement 
in these industries. 

Leontief coefficients of the input/ output table in the 
CGE model (icaa,c in Eq.(2)) are updated in accordance 
with the improved energy efficiency and the subsequent 
amount of energy savings. Initially, in the baseline 
scenario the value of , ,

Base
energy a tica  (in Eq.(4)) for energy-

intensive industries is 0.049 for electricity and 0.035 for 
natural gas. The seemingly low value of energy share in 
the production function of energy-intensive industries is 
due to the high energy subsidy to these sectors that 
results in a low share of energy cost in the total cost of 
production. After efficiency improvement the value of 

, ,
EE
energy a tica  (in Eq.(4)) for energy-intensive industries is 

reduced to 0.041 for electricity and 0.027 for natural gas. 
The price and income effects of these changes are 
propagated throughout the economy.  

Over time, due to improved energy efficiency, the 
price of the outputs of energy-intensive industries 
gradually decreases. The price reduction relatively 
increases demand for the products of the energy-
intensive industries. The relative price of the products in 
industries with a high share of intermediate inputs from 
energy-intensive industries (downstream industries), 
such as construction and machinery sectors, reduces 
over time. Therefore, improving efficiency in energy-
intensive industries shifts the supply curve of downstream 
industries to the right and reduces the equilibrium price 
of outputs of those industries.

On the other side, improving energy efficiency in the 
energy-intensive industries reduces the energy demand 
of the industries. It puts downward pressure on energy 
prices. However, any decrease in energy price increases 
the energy demand of the household sector. Because the 
household sector has not been nominated for subsidy 
removal, improving energy efficiency in the industries 
increases energy demand in the household sector. This 
offsets some of the energy savings achieved in the 
industry sector. Results show that the aggregate effect of 
improving energy efficiency on total energy demand is 
still in favor of energy-saving. That means the rebound 
effect is less than one and there is no backfire effect.
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Figure 3 illustrates the trend of changes in demand for 
electricity and natural gas, compared to the baseline sce-
nario. The results of the model indicate that in the long run 
about 0.73% of total natural gas demand and 2.5% of total 
electricity demand are saved compared to the Baseline 
scenario. 

The implementation of the proposed efficiency 
program leads to a 0.46% and 0.74% increase in gross 
domestic product and capital stock in the long term, 
respectively. Among industries, the energy-intensive 
industries, construction, and machinery sectors have the 
highest growth in the long term (0.9%, 0.7%, and 0.7% 
increase compared to the baseline scenario, respectively). 
The growth of the construction and machinery sector is 
due to their higher share of intermediate inputs from 
energy-intensive industries. Further, the electricity and 
natural gas sectors are the only sectors experiencing 
negative growth. The oil sector is almost not affected by 
the proposed energy efficiency program. Oil production 
increases by 0.01% due to the spurred economic growth.

The model results indicate that the implementation of 
the proposed efficiency program reduces emissions by 
about 25 million tons of CO2 in 2030. This is the 
economy-wide effect of increasing the energy efficiency 
of energy-intensive industries and is calculated based on 
the average emission factors of natural gas and petroleum 
products. The amount of avoided emissions implies that 
Iran can reduce greenhouse gas emissions by more than 
4% until 2030. This is enough to fulfill Iran’s commitment 
to the Paris Agreement. The accumulated CO2 emission 
reduction during the period under study is about 554 
million tons of CO2

The rebound effect of increasing the efficiency of 
electricity-consuming devices and natural gas-consuming 
devices is calculated according to Eq. (10-11). Figure 4 
demonstrates the rebound value for the period under 
study for electricity and natural gas.

As shown, the value of the economy-wide rebound 
effect becomes negative. The negative value of rebound 
implies that the amount of actual energy saving is higher 
than its expected value. In other words, decreasing 
energy subsidies along with improving energy efficiency 
neutralizes the rebound effect. This is due to the induced 
changes in the sectoral composition of the production 
and changes in the relative prices and activity level of 
energy-intensive industries. 

Mitigating the rebound alongside subsidy removal 
improves sustainability. According to Razmjoo and 
Sumper [30] economic and environmental sustainability 

can be calculated using indices including per capita 
consumption of commercial energies, Final energy 
intensity, and carbon intensity. Decreased consumption 
of natural gas and electricity reduces the per capita 
energy consumption and CO2 emission. In addition, 
because the induced increase in GDP (0.46%) is less 
than natural gas and electricity demand reduction (0.73% 
and 2.5% respectively), the energy intensity also 
declines. This in turn improves both economic and 
environmental sustainability.

Synchronizing efficiency enhancement with increased 
energy prices prevents the deterioration of socio-
economic conditions caused by rising energy prices. 
This is especially noteworthy when electricity price rises 
are to be implemented as part of electricity reforms. As 
discussed by Abdallah et al., [31] implementing energy 
reform to increase efficiency and market considerations 
generally requires upward adjustments in prices to 
provide for the required investments. This would have a 
negative impact on social sustainability. However, 
entangling price adjustment with efficiency improvement 
addresses some aspects of social concerns about 
sustainability.

5 Conclusion 

The present study aims at investigating the economy-
wide effects of increasing energy efficiency (in technical 
terms) based on a detailed representation of energy 
efficiency potentials. It provides a foundation that 
honors both engineering and economic principles. 
Efficiency potentials are based on viable previously 
studied efficiency potentials in the energy-intensive 
industries of Iran. The model can prioritize energy 
efficiency potentials based on their costs and benefits. 
The potentials are then fed into the general equilibrium 
model and the energy efficiency pathway and the yearly 
amount of subsidy removal is calculated. The prototype 
for increasing energy price is consistent with mitigating 
the rebound effect. 

The present study emphasizes two points. First, from 
a methodological point of view, in calculating the 
rebound effect the amount of investment needed to 
improve the energy efficiency and its financial sources 
should be included in the model. The scarcity of 
investment funds and the impact of allocating a part of it 
for improving efficiency automatically reduces the 
calculated rebound effect in the model. The reason lies 
in the fact that using a scarce resource puts upward 
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in the community. In contrast to the normal condition in 
resource-rich countries where the employment and 
revenue are mainly created through energy extraction 
and consumption, the proposed efficiency program 
generates a force for creating revenue from reducing 
energy consumption and clean production.

The results of the model have indicated a long-term 
decrease in demand for natural gas and electricity (about 
0.73% and 2.5% compared to the BAU scenario). The 
accumulated CO2 emission reduction during the period 
under study has decreased by about 554 million tons of 
CO2 compared to the baseline scenario. The calculation 
of the rebound effect has demonstrated the success of 
the proposed efficiency program in neutralizing the 
rebound and reducing energy consumption by more than 
the expected value in the long term.

The impact of applying mixed policy instruments on 
the employment and consumption culture can be the 
subject of further studies. Finally, the impact of the 
proposed efficiency program on the penetration of 
renewable energies and clean production can be 
considered for further research.
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pressure on its price. Higher rates of return on capital 
mean higher production cost and this acts in the opposite 
of energy efficiency which lowers the production cost.  

Second, from a policy-making point of view, applying 
policies that simultaneously target energy efficiency and 
energy subsidy can increase the speed of reducing 
energy consumption and emission. It should be noted 
that the implementation of the proposed efficiency 
program requires effective government assistance, which 
is especially highlighted in developing countries where 
there are multiple barriers to improving efficiency. The 
government, as a stimulus to improve efficiency, initiates 
a cycle that improves efficiency and reduces energy 
subsidies together. The government can borrow from 
national financial resources such as National 
Development Fund to finance efficiency solutions for 
the first year of the program. The loan can be repaid 
from the accrued benefits of the program. 

At the time the prioritized efficiency solutions are all 
implemented, there will be no need for government to 
finance efficiency solutions. Yet, the energy conservation 
and energy price are higher than the base year. Thus, 
after some years the saved financial resources are not 
used to finance energy efficiency solutions and the loans 
can be repaid to the National Development Fund.

The proposed efficiency program has secondary 
benefits such as the boom in the work of energy service 
companies, leading to job creation and the promotion of 
the consumption culture, and the efficiency improvement 

Appendix A: List of selected energy efficiency opportunities

Table A1: Selected energy efficiency opportunities in six energy-intensive industries of Iran. [23]

Efficiency Solution 
Cost of energy efficiency 

solution 
[million$/Ton of output]

Energy saving 
[PJ/Ton of output]

The furnace Insulation in the Brick industry 0.00019 0.17
Using Tunnel Dryer in Brick Industry 4.32 1
Automation system and process control in coke making in the Steel industry 0.092 0.042
Recycling heat from ashes in the blast furnace 13.12 0.925
optimization of heat recovery in the cooling system of clinker in the Cement 
industry 0.218 0.104

using waste heat in the process of peeling in the paper industry 0.231 0.545
Reducing the melting time in the furnace in the Glass industry 0.929 0.265
Preheating tunnel for preheating the material in the Aluminum industry 1.77 0.22



International Journal of Sustainable Energy Planning and Management Vol. 35 2022 	 109

Zahra Adel Barkhordar

References

[1]	 EIA (Energy Information Administration). IEA (2021), 
Greenhouse Gas Emissions from Energy: Overview, IEA, 
Paris. Last accessed: 3/24/2022  URL:  https://www.iea.org/
reports/greenhouse-gas-emissions-from-energy-overview

[2]	 Ministry Of Energy (MOE). Iran’s Energy Balance 2019. 
Office of energy and power tariffs. 2019. http://pep.moe.gov.ir.  

[3]	 IEA (2018), Energy Efficiency 2018, IEA, Paris https://www.
iea.org/reports/energy-efficiency-2018.  

[4]	 Khazzoom, J. D. Economic implications of mandated efficiency 
in standards for household appliances, Energy Journal, 1(4), 
(1980). p 21-40. https://doi.org/10.5547/ISSN0195-6574-EJ-
Vol1-No4-2

[5]	 Greening, L. A., Greene, D. L. Greene, Difiglio, C. Energy 
efficiency and consumption – the rebound effect – a survey, 
Energy Policy, 28(6–7). (2000). P 389–401.  https://doi.
org/10.1016/S0301-4215(00)00021-5 

[6]	 Gillingham, K., Rapson, D., Wagner, G. (Rep.). Fondazione Eni 
Enrico Mattei (FEEM). Retrieved May 29, 2021,   http://www.
jstor.org/stable/resrep01115  

[7]	 Herring, H., Sorrel, S. Energy Efficiency and Sustainable 
Consumption, The Rebound Effect. A series in Energy, Climate, 
and the Environment. Series Standing Order ISBN 0–2300–
0800–3. Palgrave Macmillan. 2009 https://www.palgrave.com/
gp/book/9780230525344 

[8]	 Saunders, H.D. Mitigating Rebound with Energy Taxes, The 
Selected Works of Harry D. Saunders.  2011 https://works.
bepress.com/harry_saunders/41/

[9]	 Figge, F., Young, W., Barkemeyer, R. Sufficiency or efficiency 
to achieve lower resource consumption and emissions? The 
role of the rebound effect. J. Clean. Prod. (69), (2014). P 
216:224. https://doi.org/10.1016/j.jclepro.2014.01.031 

[10]	 Hong, L., Dong, L., Wang, D. Economic and environmental 
gains of China’s fossil energy subsidies reform: a rebound 
effect case study with EIMO model. Energy Policy. 54, (2013), 
p 335:342.  https://doi.org/10.1016/j.enpol.2012.11.045 

[11]	 Maxwell, D., Owen, P., McAndrew. L, Muehmel, K., Neubauer, 
A.  Addressing the Rebound Effect, a report for the European 
Commission DG Environment, 26. 2011. https://ec.europa.eu/
environment/eussd/pdf/rebound_effect_report.pdf 

[12]	 Birol, F, Keppler, JH.   Prices,  technology  development, and  
the  rebound  effect.,  Energy  Policy. 28(6), (2000). P 457-469. 
https://doi.org/10.1016/S0301-4215(00)00020-3  

[13]	 Grepperud, S., Rasmussen, I. A general equilibrium assessment 
of rebound effects, Energy Economics. 26, (2004). P 261–82. 
https://doi.org/10.1016/j.eneco.2003.11.003 

[14]	 Broberg, T., Berg, C., Samakovlis, E. The economy-wide 
rebound effect from improved energy efficiency in Swedish 
industries –A general equilibrium analysis. Energy Policy. 83, 
(2015). P 26 –37. https://doi.org/10.1016/j.enpol.2015.03.026 

[15]	 Wei TY, Liu Y. Estimation of global rebound effect caused by 
energy efficiency improvement. Energy Econ. 66, (2017). P 27 
–34. https://doi.org/10.1016/j.eneco.2017.05.030 

[16]	 Li, H., Bao, Q., Ren, X., Xie, Y., Ren, J.,Yang. Reducing 
rebound effect through fossil subsidies reform: A comprehensive 
evaluation in China, Journal of Cleaner Production, 141, 
(2017). P 305-314, https://doi.org/10.1016/j.jclepro.2016.09.108 

Table A2: the value of parameters α and β in the household demand function

gamma (subsistence bundle, in 2011 Toman) beta (share parameter)

urban households rural households urban households rural households

Agriculture 13370 12239 0.08 0.13

Food industry 16123 5062 0.16 0.22

Cloth and paper 7195 2486 0.01 0.02

Chemical industry 11690 3930 0.06 0.10

Energy-intensive industries 8464 3685 0.00 0.01

Other industry 16183 4441 0.06 0.06

Electricity 4232 2948 0.01 0.01

Natural gas 3023 1965 0.03 0.02

Water 1008 492 0.01 0.01

Building 336 50 0.00 0.00

Services 25093 5179 0.51 0.35

Transportation 3602 1388 0.05 0.07

Public services 335 152 0.00 0.00

https://www.iea.org/reports/greenhouse-gas-emissions-from-energy-overview
https://www.iea.org/reports/greenhouse-gas-emissions-from-energy-overview
https://www.iea.org/reports/energy-efficiency-2018
https://www.iea.org/reports/energy-efficiency-2018
https://doi.org/10.1016/S0301-4215(00)00021-5
https://doi.org/10.1016/S0301-4215(00)00021-5
http://www.jstor.org/stable/resrep01115
http://www.jstor.org/stable/resrep01115
https://www.palgrave.com/gp/book/9780230525344
https://www.palgrave.com/gp/book/9780230525344
https://works.bepress.com/harry_saunders/41/
https://works.bepress.com/harry_saunders/41/
https://ec.europa.eu/environment/eussd/pdf/rebound_effect_report.pdf
https://ec.europa.eu/environment/eussd/pdf/rebound_effect_report.pdf
https://doi.org/10.1016/S0301-4215(00)00020-3


110	 International Journal of Sustainable Energy Planning and Management Vol. 35 2022

Investigating the cost-effective energy efficiency practices with mitigated rebound: the case of energy-intensive industries

[17]	 Lu, Y., Liu, Y., Zhou, M. Rebound effect of improved energy 
efficiency for different energy types: a general equilibrium 
analysis for China. Energy Econ. 62, (2017). P 248–256. 
https://doi.org/10.1016/j.eneco.2017.01.010

[18]	 Zimmermann, M., Vöhringer, F., Thalmann, P., Moreau, V., Do 
rebound effects matter for Switzerland? Assessing the 
effectiveness of industrial energy efficiency improvements, 
Energy Economics, Volume 104, 2021.  https://doi.
org/10.1016/j.eneco.2021.105703 

[19]	 EEA. The  European environment  —  state and  outlook  2012:  
consumption and  the environment. European Environment 
Agency, Copenhagen.  2010 https://www.eea.europa.eu/
publications/consumption-and-the-environment-2012 

[20]	 Kratena, K., Meyer, I., Wuger, M. The role of technological and 
lifestyle changes versus carbon taxes in determining the energy 
demand of households.In: Dias Soares, C., Milne, J., Ashiabor, 
H., Critical Issues in Environmental Taxation: Volume VIII. 
2010.

[21]	 Gopal, A. R, Leventis,  G.,  de la Rue du Can, S., ShH, N., 
Phadke, AA. Trading Appliance Efficiency for Electricity 
Subsidies: The Potential in Emerging Economies. ECEEE 2013 
Summer Study. Belambra Les Criques, France. 2013. https://
international.lbl.gov/publications/trading-appliance-efficiency 

[22]	 Li, K., Lin, B. Heterogeneity in rebound effects: Estimated 
results and impact of China’s fossil-fuel subsidies. Applied 
Energy 149, (2015). P 148-160. https://doi.org/10.1016/j.
apenergy.2015.03.086  

[23]	 Barkhordar, Z.A., Fakouriyan, S., Sheykhha, S. The role of 
energy subsidy reform in energy efficiency enhancement: 
Lessons learned and future potential for Iranian industries, 
Journal of Cleaner Production. 197 (1). (2018). p 542-550,  
https://doi.org/10.1016/j.jclepro.2018.06.231

[24]	 Dervis, K., de Melo, J., Robinson, S. General equilibrium 
models for development policy. Cambridge University Press, 

New York. 1982.  https://documents.worldbank.org/en/
publication/documents-reports/documentdetail/38619 
1468765592396/general-equilibrium-models-for-development-
policy 

[25]	 Lofgren, H., Harris, R. L., Robinson, S., Thomas, M., EI-Said, 
M. A standard computable general equilibrium (CGE) model in 
GAMS. Microcomputers in Policy Research. 5, 1-68. 
Washington D.C., International Food Policy Research Institute 
(IFPRI). 2002. https://www.ifpri.org/publication/standard-
computable-general-equilibrium-cge-model-gams-0 

[26]	 Barkhordar, Z.A., Saboohi, Y., Assessing alternative options for 
allocating oil revenue in Iran. Energy Policy, 2013. 63. 1207-
1216. https://doi.org/10.1016/j.enpol.2013.08.099

[27]	 Thurlow, J. A Dynamic Computable General Equilibrium 
(CGE) Model for South Africa: Extending the Static IFPRI 
Model. Working Paper 1, Trade and Industrial Policy Strategies, 
Pretoria, South Africa. 2004.

[28]	 Thomas, B.A., Azevedo, I.L. Estimating direct and indirect 
rebound effects for U.S. households with input-output 
analysis Part 1: Theoretical framework, Ecological 
Economics, 86, (2013). P 199-210. https://doi.org/10.1016/j.
ecolecon.2012.12.003

[29]	 Ministry Of Energy (MOE). Iran’s Energy Balance 2000. 
Office of energy and power tariffs. 2000. http://pep.moe.gov.ir

[30]	 Razmjoo, A. A. (2019). Energy sustainability indicators based 
on UN goals and Urban themes to measure energy sustainability  
for developing countries using SEDIInvestigating energy 
sustainability indicators for developing countries. Int J of Sust 
Energy Plan and Management, 21. https://doi.org/10.5278/
ijsepm.2019.21.5

[31]	 Abdallah, S. M., Bressers, H., & Clancy, J. S. (2015). Energy 
Reforms in The Developing World: Sustainable Development 
Compromised?. Int J of Sust Energy Planning and Management, 
5, 41–56. https://doi.org/10.5278/ijsepm.2015.5.5

https://doi.org/10.1016/j.eneco.2021.105703
https://doi.org/10.1016/j.eneco.2021.105703
https://www.eea.europa.eu/publications/consumption-and-the-environment-2012
https://www.eea.europa.eu/publications/consumption-and-the-environment-2012
https://doi.org/10.1016/j.apenergy.2015.03.086
https://doi.org/10.1016/j.apenergy.2015.03.086
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/386191468765592396/general-equilibrium-models-for-developmentpolicy
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/386191468765592396/general-equilibrium-models-for-developmentpolicy
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/386191468765592396/general-equilibrium-models-for-developmentpolicy
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/386191468765592396/general-equilibrium-models-for-developmentpolicy
https://doi.org/10.1016/j.ecolecon.2012.12.003
https://doi.org/10.1016/j.ecolecon.2012.12.003
https://doi.org/10.5278/ijsepm.2019.21.5
https://doi.org/10.5278/ijsepm.2019.21.5



