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1.	 Introduction

Global economic progress has seen significant growth; 
however, it is accompanied by a growing recognition of 
the profound challenges posed by climate change. 
Consequently, major emitting countries such as China, 
Brazil, and the USA should accelerate their transition to 
low-carbon alternatives to achieve zero emission or net-
zero emissions or neutrality targets in 2050 [1]. However, 
in 2022, global energy-related CO2 emissions surged to 
a record high, surpassing 36.8 Gt [2]. Therefore, the 
primary focus of current policies should be on con-
trolling energy-related carbon emissions. To formulate 
effective emission reduction policies, it is crucial to 
address three key issues, which are (i) key factors 

influencing energy-related carbon emissions, (ii) the 
future trend of emissions, and (iii) the impacts brought 
by different measures [3].

Previous studies attempted to model and analyze the 
complex and dynamic problem of energy-related CO2 
emission at the national level. Most of these papers exam-
ined the drivers of energy consumption and emissions 
based on time-series data. For example, the effects of 
population, economics, and energy variables on carbon 
emission were explored using the LMDI technique in 
China, Turkey, Malaysia, and the European Union [4–7]. 
In other studies, the ARDL model and Granger causality 
test have been widely used to examine the link between 
emission, energy consumption, and economic growth in 
Indonesia, Myanmar, and Malaysia [8], and multi-periods 
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in Vietnam from 1971–2011 [9], 1971–2017 [10], 1980–
2014 [11], 1995-2018 [12], and 1995–2019 [13]. Recently, 
wavelet analysis was applied to examine the relationships 
between foreign direct investment, trade openness, energy 
consumption, and CO2 growth in Vietnam [14,15]. 
Although these studies provide in-depth analyses of past 
trends in energy demand and carbon emission, they do not 
perform well when predicting future trends.

Approaches to analyzing energy systems can be cate-
gorized into optimization models, simulation models 
[16], and equilibrium models [17]. Optimization models 
aim to identify the optimal energy solution. Endogenous 
investment optimization models, such as Homer, were 
used to assess the feasibility of a grid-connected bio-
mass-based hybrid energy system in the Himalayan ter-
ritory [18]. Similarly, Balmurel was adopted to evaluate 
scenarios for sustainable electricity and heat supply in 
Greater Copenhagen [19].

Simulation models seek to envision and compare dif-
ferent options or scenarios. Kumar and Madlener [20] 
employed the LEAP model to create scenarios and fore-
cast India’s energy-related carbon emissions. Wang and 
Lin [21] adopted STIRPAT to forecast China’s carbon 
emissions in the commercial sector by 2030. Then, the 
possibility of China achieving a carbon peak in 2030 
was examined using the environmental Kuzets curve 
(EKC) [22]. Besides, Wu, Liu [23] used a multi-variable 
grey mode to forecast CO2 emission of BRICS coun-
tries. The AIM/Enduse model was adopted to analyze 
the technological and energy transition needed to achieve 
net zero emission in Thailand by 2050 [24]. Viesi, 
Mahbub [25] applied the EnergyPLAN model to exam-
ine future energy scenarios of an energy community in 
the European Alps in 2030 and 2050.

 Nevertheless, the approaches mentioned above face 
certain limitations. The LEAP model was found to be 
subjective as it relies on expert judgments [26]. The 
EKC only focuses on GDP per capita and carbon emis-
sions per capita [27]. The STIRPAT model was found to 
lack physical considerations and flexibility of the esti-
mated coefficients [23]. The gray model cannot identify 
drivers and needs more transparency [28]. Also, Ahmad, 
Mat Tahar [29] underscored that other holistic and top-
down optimization models, such as MARKAL, TIMES, 
CGE, and MESSAGE, fail to recognize the feedback, 
delay, and nonlinearity interactions of complicated sys-
tems of society, economy, environment, and technology. 
While some models, such as PRIMES or EnergyPLAN, 
have been used for policy support, many models have 

not had significant policy contributions due to their 
recent development or limited usage [17].

The literature review reveals a gap in the availability of 
a standardized method or research framework capable of 
comprehensively analyzing the driving factors, future 
trends, and policy scenarios related to energy-related 
carbon emissions at the national level. Furthermore, even 
in studies predicting future scenarios, the consideration of 
dynamic feedback mechanisms between social, economic, 
energy, and emission factors is limited. Chang, Thellufsen 
[17] found that widely considered tools with policy appli-
cations should include the ability to provide long-term 
outcomes and represent multiple energy sectors.

In this context, System Dynamics Modeling (SDM) is 
an appropriate approach to address the above gaps 
[30,31]. J.W. Forrester developed this model at the 
Massachusetts Institute of Technology (MIT) in 1950. It 
provides the benefits of examining various scenarios 
from proposed policies, helping decision-makers predict 
and adjust policy implications before making final deci-
sions [32]. SDM has been widely adopted in studies that 
examined complex problems of energy-related carbon 
emissions, such as the analyses of renewable energy 
[33], urban energy [34], emissions in the cement indus-
try [35], or evaluating the achievement of emission tar-
gets [36,37]. SDM can integrate societal and behavioral 
elements, examining the sociopolitical feasibility of 
energy transition pathways influenced by governmental 
decision-making processes, human behavior, and socie-
tal changes [38]. Nonetheless, there are still a few stud-
ies that have adopted SDM on energy-related carbon 
emission at the national level. 

Vietnam announced its target to achieve net zero 
emissions by 2050 during the COP26 World Leaders’ 
Summit in 2021. In July 2022, Vietnam included its net-
zero target in the National Climate Change Strategy, 
which aims to guide Vietnam’s climate action through 
2050 [39]. However, there is still no clear and recog-
nized pathway for Vietnam to meet the goals of the 
National Climate Change Strategy. From 1990 to 2020, 
Vietnam’s energy consumption increased by 355%, and 
CO2e emissions climbed by 542% [40]. This trend 
underscores the urgency of research on Vietnam’s ener-
gy-related CO2 emissions. Previous studies regarding 
this field in Vietnam mainly focus on examining the 
historical trend to understand the causal relationship 
between economic growth, population, energy demand, 
and CO2 emission, neglecting the dynamic interactions 
among these elements [10,13,15,41–46]. 
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This study applies SDM to examine the interactions 
between carbon emissions, economic factors, popula-
tion, and energy consumption at the national level. It 
aims to uncover the key factors influencing carbon emis-
sions in various future scenarios. A comprehensive SDM 
model was conceptualized in VENSIM (Vensim is a 
simulation software that is used for developing, analyz-
ing, and packaging dynamic feedback models) [47] and 
implemented in RStudio (RStudio is an integrated devel-
opment environment for R, a programming language for 
statistical computing and graphics) [48]. The study sim-
ulated the trend of Vietnam’s carbon emissions from 
1990 to 2020, identifying its key influencing factors 
through sensitivity analysis. Subsequently, the model, 
incorporating Shared Socioeconomic Pathways (SSP) 
scenarios and the national energy development strategy, 
was utilized to predict future trends in national energy 
consumption and energy-related carbon emissions from 
2020 to 2050. The five SSP scenarios are summarized as 
follows: a sustainability-focused development path 
emphasizing growth and equality (SSP1); a “middle-of-
the-road” path where trends broadly follow historical 
patterns (SSP2); a fragmented path characterized by 
“resurgent nationalism” and regional rivalry (SSP3); a 
path marked by ever-increasing inequality (SSP4); and a 
path of rapid and unconstrained growth in economic 
output and energy use (SSP5). Concerning Vietnam’s 
energy development targets, as outlined in the national 
climate change strategy, renewable energy sources are 
expected to account for at least 33% of the country’s 
energy consumption by 2030 and at least 55% by 2050. 
Moreover, the country’s emission targets in 2030 and 
2050 are 524 and 185 Mt CO2e, respectively [39].

This study contributes a unified SDM-based frame-
work for a systematic and holistic assessment of ener-
gy-related carbon emissions at the national level, 
including its influencing factors and long-term future 
trends. In terms of practical application, this work pro-
vides Vietnam with a model to predict its future energy 
demand and carbon emissions. It offers valuable insights 
for policymakers to design and adjust policies accord-
ingly. Moreover, the parameters in this model can be 
adjusted to align with new socioeconomic development 
pathways or energy development strategies to meet the 
decision-makers evolving needs. This paper is the first 
study in Vietnam to re-assess the concerns of scholars 
about whether Vietnam can achieve the 2050 commit-
ment [49–51] based on a quantity, holistic, and dynamic 
approach.

The remaining sections of the paper are structured as 
follows: Section 2 explains the approach and the SDM 
model’s framework; Section 3 discusses the main find-
ings, including model validation, sensitivity analysis, 
and scenario analysis; and finally, section 4 presents the 
conclusion and policy implications.

2.	Methodology

This section explains the research framework and the 
construction of the SDM model.

2.1.	Research framework
SDM is a methodology that allows for the simultaneous 
evaluation of multiple modules and stock and flow vari-
ables within a system through a set of simultaneous differ-
ence equations [52]. The construction of a system dynamic 
model involves the following five interdependent steps: 
(1) articulate the problem, (2) propose the dynamic 
hypothesis, (3) build the simulation model, (4) test the 
simulation model, and (5) design and evaluate policy [53]. 
The final object of this paper is the country’s energy-re-
lated carbon emissions, which result from the interactions 
of multi-variables from the economic, population, and 
energy sectors. The mathematical foundation of such 
decomposition was refined from the Kaya identity [36,54]. 
In the first step, we developed a system dynamic (SD) 
model from the refined Kaya identity to represent CO2 
emissions in Vietnam, encompassing sub-sectors related to 
population, economy, and energy. The second step involved 
identifying the model’s parameters using time-series data 
from 1990 to 2020, with other variables being fitted and 
regressed to anticipate future carbon emissions. In the 
third step, the model underwent calibration and validation, 
adjusting causal chains and parameters to minimize vari-
ance when comparing simulation results with historical 
values. In the fourth step, the validated model was utilized 
for simulation, prediction, and analysis to address the fol-
lowing research questions: (1) What is the future trend of 
Vietnam’s CO2 emissions under the current development 
rate and without constraints? (2) What are the primary 
factors influencing Vietnam’s CO2 emissions? (3) What 
are the future trends in Vietnam’s CO2 emissions when 
considering the country’s climate change strategy, energy 
development goals, and different socio-economic develop-
ment pathways? To address the first question, a baseline 
scenario was extrapolated from historical trends without 
integrating any constraints. Sensitivity analyses were then 
conducted to answer the second question, examining the 
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impacts on CO2 emissions and identifying variables with 
the strongest influences. For the third question, we simu-
lated five scenarios from 2020 to 2050 based on the SSPs 
and Vietnam’s energy development targets outlined in the 
national climate change strategy. Drawing conclusions 
from the predicted scenarios, this paper provides insights 
into future CO2 emissions and offers policy implications 
for Vietnam.

2.2.	Basic mathematical model
Vietnam’s energy-related CO2 emission was found to be 
correlated with population growth and economic and 
energy consumption [9,11,13,44]. In 1989, Toichi Kaya 
proposed the Kaya identity to assess a county’s carbon 
emissions:

C POP GDP
POP

E
GDP

C
E

POPGP EI� �. . . . . .�  � (1)

Wherein C is CO2 emission, POP is total population, GP 
is GDP per capita, EI is energy intensity, and η is carbon 
emission coefficient. Then, we adopted the approach of 
Yang, Li [36] to categorize the emission into productive 
and resident emissions for a more detailed assessment:

C C CP r� �  � (2)

Wherein CP is CO2 emission from industrial energy con-
sumption, and Cr is CO2 emission from residential 
energy consumption. Next, each type of emission were 
expressed in Equation (3) and (4) as follows:
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Wherein i is the energy sources (including fossil fuels 
energy (coal, oil, and gas) and renewable energy), ES is 
the energy structure, EP is the residential living energy 
consumption per capita. The adjusted Kaya identity allows 
an in-depth examination of different types of energy 
demands, which in turn leads to different types of CO2 
emissions. Previous studies in Vietnam mostly focused on 
the relationship between GDP, CO2 emissions, and energy 
use [12,45,55] while population was also found to be a 
significant factor [44]. Moreover, categorizing fossil fuels 
and renewable energy would provide useful information 
on the path toward net-zero emission target in Vietnam 
[41]. The refired Kaya identity serves as the basic mathe-
matical model for the next phase of modeling.

2.3.	SDM model
Based on the refined Kaya identity, the SD model of 
energy-related CO2 emissions in Vietnam was structured 
with four subsystems: population, economic, energy, 
and CO2 emissions. The population subsystem explains 
total population (POP), population growth rate (POPGR), 
urban population (UPOP), rural population (RPOP), and 
urban population share (UPOPS), representing residen-
tial energy consumption and carbon emissions. The 
economic subsystem contained gross domestic product 
based on purchasing power parity (GDPPPP), GDDPPP 
growth rate (GDPGR), and GDPPPP per capita 
(GPCAP). The energy subsystem included total energy 
consumption (TEC), residential energy consumption 
(REC), industrial energy consumption (IEC), fossil 
energy consumption (FEC), and renewable energy con-
sumption (RNEC). The carbon emissions subsystem 
described CO2 emissions (TC), assumed to be attributed 
to fossil energy (coal CO2 emissions, oil CO2 emissions, 
and gas CO2 emissions). The four subsystems were 
linked by auxiliary variables: GPCAP connected the 
population and economic subsystems, EPR linked the 
population and energy subsystems, EI connected 
the economic and energy subsystems, and emission fac-
tors of each emission source linked the energy and CO2 
subsystems. These auxiliaries bridged all variables in the 
model, allowing the system to operate dynamically as a 
whole.

The feedback model and stock-flow model were first 
conceptualized and visualized in VENSIM [47] 
(Figure 1), and all of the equations within the model and 
analyses were conducted in RStudio using the package 
“deSolve” [56]. The definitions of variables and their 
mathematical relationships are presented in Table 1.

2.4.	Data input
The historical data was collected from 1990–2020 with 
one year interval. Data from the population, economic 
subsystem and CO2 emissions were collected from the 
country database of The World Bank [40]. Energy con-
sumption data was collected from the energy balance 
sheets of Vietnam [57]. Emission factors was extracted 
from the Decision No. 2626/QD-BTNMT of MONRE 
[58]. Regarding population and GDP projection data, the 
study relied on the SSP database of the International 
Institute for Applied Systems Analysis (IIASA) and the 
Organization for Economic Co-operation and 
Development (OECD) [59–61]. Vietnam’s policy goals 
of energy development and carbon emissions refer to the 
National Climate Change Strategy [39].
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Figure 1: The proposed SD model for energy-related CO2 emissions. 

Table 1: Variables and mathematical relationships in the SD model.

Variables Description Type Equations Units
CEF Coal emission factor Constant 0.168 Kt CO2/TJ
OEF Oil emission factor Constant 0.1161 Kt CO2/TJ
GEF Gas emission factor Constant 0.09465 Kt CO2/TJ
POP0 Total population in 1990 Constant 66,912,613 People
GDPPPP0 GDPPPP in 1990 Constant 140,475,979,634 US 2017$

POPGR Population growth rate Variable POPGR time� � %

POPG Population growth Flow POPG POP POPGR= . People

GDPGR GDPPPP growth rate Variable GDPGR time� � %

GDPG GDPPPP growth Flow GDPG GDPPPPGDPGR time� � �. US 2017$

POP Total population Stock POP POP POP POPGR time dt
T

� � � ��0
1

. . People

GDPPPP GDP based on PPP Stock GDPPPP GDPPPP GDPPPPGDPGR time dt
T

� � � ��0
1

. . US 2017$

UPOPS Urban population share Variable UPOPS time� � %

UPOP Urban population Variable UPOP POPUPOPS time� � �. People

RPOP Rural population Variable RPOP POP UPOP� � People

GPCAP GDPPPP per capita Variable GPCAP GDPPPP POP= / US 2017$/Person

EPR Energy consumption per 
resident Variable EPR GPCAP� �� �5 918 10 1 514 103 7. . . . . TJ/Person

(Table 1 continued)
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Variables Description Type Equations Units

REC Residential energy 
consumption Variable REC EPR POP= . TJ

UREC Urban residential energy 
consumption Variable UREC REC� � �.�UPOPS time TJ

RREC Rural residential Energy 
consumption Variable RREC REC UREC�� � � TJ

EI Energy intensity Variable EI GDPPPP� �� �1 967 10 2 347 106 19. . . . TJ/GDPPPP

IEC Industrial energy consumption Variable IEC = EI GDPPPP. TJ

TEC Total energy consumption Variable TEC IEC REC�� ��� � TJ

RES Renewable energy share Variable RES time� � %

RNEC Renewable energy 
consumption Variable RNEC TEC RES time� � �. TJ

FEC Fossil energy consumption Variable FEC TEC RNEC�� � � TJ

ESC Energy structure of coal Variable ESC time� � %

ESO Energy structure of oil Variable ESO time� � %

ESG Energy structure of gas Variable ESG time� � %

ECC Energy consumption of coal Variable ECC FEC ESC time� � �. TJ

ECO Energy consumption of oil Variable ECO FEC ESO time� � �. TJ

ECG Energy consumption of gas Variable ECO FEC ESG time� � �. TJ

CO2C CO2 emissions from coal Variable CO C ECC CEF2 = . Kt CO2

CO2O CO2 emissions from oil Variable CO O ECOOEF2 = . Kt CO2

CO2G CO2 emissions from gas Variable CO G ECGGEF2 = . Kt CO2

TC Total CO2 emissions Variable TC CO C CO O CO G� � �2 2 2 Kt CO2

CI CO2 emission intensity Variable CI = TC/GDPPPP Kt CO2 / US 2017$

CR CO2 emission per capita Variable CR TC POP= / Kt CO2 / Person

CTAR CO2 emission targets Variable CTAR time� � Kt CO2

CRED CO2 reduction targets Variable CRED TC CTAR time� � �� Kt CO2

(Table 1 continued)

2.5.	Model calibration and validation
A system dynamic model gradually gains confidence as it 
undergoes multiple tests, considering that there is no 
single test to validate it fully. The model’s validation 
relies on structural and behavioral validity [62]. In this 
study, the calibration and validation of the model were 
conducted using historical data from 1990 to 2017 as the 

known values to simulate and predict data from 2018–
2020. Starting with the initial year 1990, a series of tri-
al-and-error simulations were performed until the relative 
errors between the simulation results and the actual values 
reached an acceptable level (no more than 10%) with no 
further significant increase. The historical test of the 
model involved comparing the simulation values with the 
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real values of major variables, which were total popula-
tion, GDPPPP, total energy consumption, and CO2 emis-
sions. The error between these two values fell within the 
acceptable range (Table 2), indicating the model’s high 
credibility and suitability for the subsequent analysis. 

2.6.	Sensitivity analysis
After validating the model, we conducted a sensitivity 
analysis to examine its responses to changed input 
parameters. We adopted the method of Yang, Li [36] 
changing key variables at the same rate (plus or minus 
10%) while keeping the remaining variables constant. 
By using the same rate of change, future impacts on 
CO2 emissions can be compared to identify which vari-
ables have stronger influences and vice versa. We chose 
five variables to test the sensitivity analysis: (S1) popu-
lation growth rate +10%; (S2) GDPPPP growth rate 
+10%, (S3) energy intensity –10%, (S4) Energy con-
sumption per resident -10%, (S5) renewable energy 
share +10%.

2.7.	Scenarios
To predict the future trend of energy-related carbon emis-
sions in Vietnam, this study established five scenarios 
based on the combination of SSPs and Vietnam’s energy 
development targets (Table 3). The scenarios incorporated 
predicted values of population and GDPPPP, along with 
development targets for future energy structure, to simu-
late future trends in energy-related carbon emissions. The 
significance of this scenario analysis phase lies in provid-
ing scientific evidence for policy implications. The SSP 
scenarios outline different future trajectories based on 
varying socioeconomic factors. SSP1 envisions a shift 
towards more inclusive development and reduced resource 
intensity, promoting environmental and social sustainabil-
ity. SSP2 follows historical patterns without significant 
changes, representing a moderate and steady development 
path. SSP3 depicts a fragmented world with increasing 
nationalism and slower economic progress, marked by 
reduced international cooperation. SSP4 highlights grow-
ing disparities within and between countries with uneven 

Table 3: Summary of scenarios.

Variables SSP1 SSP2 SSP3 SSP4 SSP5

Population 
(million people)

2030 99.299 101.958 105.134 99.169 98.547
2050 98.224 104.376 112.599 96.940 96.630

GDPPPP 
(Billion US 2017$)

2030 1,573.359 1,439.435 1,360.611 1,433.140 1,694.591
2050 3,819.060 2,930.034 2,291.996 2,821.426 4,705.671

Renewable energy share 
(%)

2030 33
2050 55

CO2 emissions (Mt) 2030 524
2050 185

Source: The World Bank [40], United Nations [57], IIASA, OECD [59–61], and Vietnam’s Climate Change Strategy [39]

Table 2: Validity check of the SD model.

2018 2019 2020
Population (million people) Actual value 94.9 95.8 96.6

Simulation value 94.9 95.8 96.6
Relative error (%) 0.0 0.0 0.0

GDPPPP (Billion US 2017$) Actual value 914.6 981.9 1,010.0
Simulation value 914.6 982.3 1,055.0
Relative error (%) 0.0 0.0 4.4

Total energy consumption (PJ) Actual value 2,611 3,012 3,105
Simulation value 2,725 2,908 3,107
Relative error (%) 4.3 –3.5 0.1

CO2 emission (Mt CO2) Actual value 286.1 341.7 355.3
Simulation value 291.0 310.6 331.8
Relative error (%) 1.7 –9.1 –6.6
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economic growth and development. Finally, SSP5 fore-
sees rapid economic growth fueled by intensive fossil fuel 
use and technological advancements, leading to high 
resource consumption and greenhouse gas emissions. 
More detailed explanations of SSP scenarios can be found 
in Riahi, van Vuuren [59] and O’Neill, Kriegler [63]. As 
outlined in the national climate change strategy, Vietnam’s 
renewable energy sources are expected to account for at 
least 33% of the country’s energy consumption by 2030 
and at least 55% by 2050. Moreover, the country’s emis-
sion targets in 2030 and 2050 are 524 and 185 Mt CO2e, 
respectively [39].

3.	Results

This section presents the main findings, including model 
validation, sensitivity analysis, and scenario analysis.

3.1.	Sensitivity analysis and key influencing variables
Vietnam’s energy consumption and CO2 emissions wit-
nessed distinct trends in the baseline scenarios from 
1990 to 2020. In the initial decade (1990–2000), the 
industrial sector experienced slow development, leading 
to low fossil energy consumption and a prevalence of 
renewable energy sources. However, from 2000 to 2020, 

Vietnam underwent rapid economic growth, resulting in 
an exponential increase in fossil energy consumption 
and a subsequent surge in CO2 emissions. Notably, oil 
energy dominated the consumption landscape since 
1990, with coal following closely until 2018, when the 
country had to resort to importing coal due to challenges 
in domestic mining. Notably, the development of new 
mines and domestic coal production is insufficient to 
meet the demand for thermal power plants using domes-
tic coal. The energy landscape in Vietnam exhibited 
remarkable growth, with energy demand surging at an 
average rate of 4.3% annually between 2010 and 2019. 
Despite this, the economy’s energy intensity dropped by 
14% during the same period, attributed to the faster GDP 
growth outpacing energy demand. However, Vietnam’s 
energy intensity remains notably higher than neighbor-
ing countries. The challenges in domestic coal produc-
tion led to a substantial increase in coal demand for 
power generation, rising from 24 million tons in 2015 to 
40 million tons in 2018, marking a 67% increase. 

For the sensitivity analysis, we controlled the param-
eters of five variables to measure their potential impacts 
on energy consumption and CO2 emissions. The results 
are presented in Figure 2. In the baseline estimate, CO2 
emissions were projected to continuously grow, 

Figure 2: Sensitivity analysis results.
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reaching 2,791 Mt CO2 in 2050. The energy intensity in 
2050 stands at 0.311 t/103 US 2017$, representing a 1.9-
fold increase from the 1990 level of 0.161 t/103 US 
2017$.During the sensitivity analysis, it was observed 
that population growth had minimal impacts. A 10% 
increase in the population growth rate (S1) resulted in 
only a 0.12% increase in both energy consumption and 
CO2 emissions by 2050, showing a negligible difference 
from the baseline estimate. Economic growth demon-
strated the most substantial positive effects, with a 10% 
increase in the GDPPPP growth rate (S2) leading to an 
86.88% rise in energy consumption and CO2 emissions 
by 2050. Carbon emissions and energy demand were 
also found to be sensitive to energy intensity, as a 10% 
reduction in energy consumption per GDP (S3) contrib-
uted to a 9.5% reduction in energy consumption and 
CO2 emissions by 2050. Oppositely to energy intensity, 
the energy consumption per resident was only found to 
have trivial impacts as a 10% lower in energy consump-
tion per resident (S4) only created a 0.51% reduction in 
energy consumption and CO2 emissions by 2050. Finally, 
changes in energy structure, particularly the increased 
use of renewable energy, were found to have no impact 
on total energy consumption but contributed to reducing 
carbon emissions. Substituting a 10% share of fossil 

energy with renewable energy (S5) resulted in a 10.07% 
reduction in carbon emissions by 2050. 

In summary, economic growth emerged as the pri-
mary driver of energy consumption and carbon emis-
sions, with adjusted energy structure and energy intensity 
following closely. Population growth and energy con-
sumption per resident showed limited influences during 
the sensitivity analysis. Furthermore, the analysis under-
scores the significance of transitioning the energy struc-
ture toward renewable sources to achieve carbon 
emission reduction and the zero-emission target by 
2050. It also highlights that adjusting a single variable in 
the system is insufficient to meet Vietnam’s current 
carbon emission reduction targets, emphasizing the need 
for comprehensive and dynamic transitional policies.

3.2.	Scenario analysis of energy consumption and 
CO2 emissions

Overall, all predicted scenarios displayed increasing 
trends in total energy consumption and CO2 emissions 
for Vietnam from 2020 to 2050 (Figure 3). It is import-
ant to note that this paper does not consider emission 
reduction initiatives or the adoption of advanced ener-
gy-efficient technologies. The only change related to 
cleaner production is the transformation in the energy 

Figure 3: Results of scenario analysis.
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structure, where renewable energy is projected to account 
for 33% and 55% of the total energy demand in 2030 
and 2050, respectively.

The SSP1 scenario depicted a gradual development 
path. Vietnam’s population grew at an average rate of 
0.64% and peaked at 100.2 million people in 2037 
before decreasing to 98.2 million in 2050. In contrast, 
Vietnam’s GDPPPP continuously increased to $3,819 
billion US (2017) in 2050. The total energy consumption 
for Vietnam was projected to reach 4,589 and 12,620 PJ 
in 2030 and 2050, respectively.

For the SSP2 scenario, both population and economic 
growth were moderate. The population peak was pro-
jected to occur in 2044 at 104.96 million people, while 
the GDPPPP in 2050 was estimated to be $2,930 billion 
US (2017), 24% lower than the SSP1 scenario. The 
lower population and economic growth in SSP2 resulted 
in reduced energy consumption and carbon emissions. 
Specifically, the total energy demand in SSP2 for 2050 
was projected to be 9,147 PJ, which is 27.4% lower than 
the SSP1 scenario. SSP4 exhibited energy consumption 
closely following the pattern of SSP2, with a level 4.9% 
lower than the energy demand in SSP2 for 2050.

In the SSP3 scenario, despite having the highest pop-
ulation growth, economic development was the lowest. 
In this scenario, the predicted population for Vietnam in 
2050 was 112.6 million people, 7.2% higher than the 
second-highest population in SSP2. Conversely, the 
GDPPPP in 2050 was estimated to be $2,291 billion US 
(2017), the lowest among the examined SSPs. Despite 
exponential population growth, low economic develop-
ment was the main driver of low energy consumption in 
SSP3, as revealed in the sensitivity analysis, which indi-
cated that GDP has more impact than population 
variables.

Similarly, the SSP5 scenario was found to have the 
highest energy demand (16,536 PJ in 2050) with a con-
tinuous growth rate of 6% per year. This was attributed 
to the highest GDPPPP prediction, not accounting for 
the lowest population growth among the five SSPs.

The trends in CO2 emissions followed a consistent 
order with energy consumption, with slight differences 
in growth rates among the scenarios. SSP5 exhibited the 
highest CO2 emissions, projecting 446 Mt CO2 in 2030 
and 1001 Mt CO2 in 2050. SSP1 ranked second with 413 
and 764 Mt CO2 in 2030 and 2050, respectively. The 
carbon emissions of SSP2 and SSP4 in 2050 showed 
only a 4.9% difference. The emission trends in SSP2 and 
SSP4 were almost identical, with less than a 1% 

difference from 2020 to 2030. After 2020, SSP2 tended 
to have higher GDP growth than SSP4, leading to grad-
ual deviations in carbon emissions towards 2050. 
Additionally, CO2 emissions in the SSP4 scenario exhib-
ited a gradually slower growth rate after 2028 but had 
yet to reach its peak by the mid-century. SSP3 emitted 
the least CO2 during the 2020–2050 period, peaking at 
422 Mt CO2 by 2048 and decreasing afterward.

In comparing the predicted carbon emissions with 
Vietnam’s targets in the National Climate Change 
Strategy, all scenarios achieved the 2030 target but 
failed to meet the 2050 target. This highlights the possi-
bility of Vietnam falling short of its net-zero commit-
ment unless strong initiatives are implemented.

4.	 Discussion

The sensitivity analysis revealed that economic growth 
is the primary factor influencing Vietnam’s energy 
demand and carbon emissions. This finding aligns with 
prior studies that identified GDP as the driver of signif-
icant energy consumption in Vietnam [55,64]. On the 
other hand, the reduction of energy intensity and energy 
demand can significantly reduce energy consumption 
and CO2 emissions in Vietnam by 2050. This under-
scores the importance of implementing energy-efficient 
technologies in Vietnam to achieve economic develop-
ment and net-zero emission goals simultaneously. A 
notable trend in Vietnam’s energy intensity is the rapid 
electrification of the economy. Between 2010 and 2019, 
electricity intensity (electricity demand per unit of GDP) 
increased by 43% [65]. Meeting the challenge of 
expanding electricity generation capacity to match the 
swift growth in energy demand, especially electricity 
demand, remains crucial. In response, Vietnam has been 
actively promoting energy efficiency since 2006 through 
various programs, with the main initiative being the 
Vietnam Energy Efficiency and Conservation Program. 
This program achieved energy savings of 3.4% from 
2006 to 2010 and a 5.7% reduction from 2011–2015 
[65]. In Europe, environmental regulations and financial 
incentives created through government grants and subsi-
dies were also found to reduce energy use and CO2 
footprint [66]. 

The increases in population growth and reductions in 
energy consumption per resident have trivial impacts on 
carbon emissions. This is likely attributed to the fact that 
boosting population growth while keeping other vari-
ables constant tends to decrease GDPPPP per capita. 
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However, the GDPPPP growth rate outpaces the popula-
tion growth rate, mitigating the impact of population 
change. This finding aligns with the results reported by 
Yang, Li [36]. 

The transition of Vietnam’s energy structure towards 
renewable energy does not reduce the country’s energy 
demand but helps reduce a considerable portion of 
carbon emissions. This finding is consistent with Tran 
[41] who also observed that renewable energy con-
sumption and green finance can help mitigate 
pollution in Vietnam. The substantial reduction under-
scores the importance of restructuring the country’s 
energy sector. This trend is not unique to Vietnam but 
is a global phenomenon as global investment in clean 
energy has risen by 40% since 2020. In Indonesia, the 
share of renewables in power generation is expected to 
double by 2030, reaching more than 35%. In Brazil, 
biofuels are projected to meet 40% of road transport 
fuel demand by the decade’s end, up from 25% today. 
In sub-Saharan Africa, meeting diverse national 
energy and climate targets means that 85% of new 
power generation plants by 2030 will be based on 
renewables [67].

The estimation of the SDM model indicates that 
Vietnam is at risk of not meeting its carbon emission 
target in 2050, which jeopardizes its net-zero commit-
ment. Dang and Baruah [68] also predicted the risks of 
Vietnam missing the commitment due to heavy reliance 
on external support in its climate change policy, making 
it insufficient and infeasible. 

Considering the predicted emissions and the coun-
try’s strategy, we roughly calculated the amount of CO2 
emissions that need to be reduced for Vietnam to meet 
its emission targets. The reduction amount increased 
exponentially after 2030 in all SSP scenarios due to 
substantial emissions from fossil energy consumption. 
Ali, Bakhsh [42] similarly found that carbon emissions 
in Vietnam have grown significantly over the years, 
primarily due to the consumption of fossil fuels. 
Therefore, a transition in the national energy structure 
is crucial. To achieve the net-zero target by 2050, 
Vietnam must further invest in renewable energy to 
reduce its substantial emissions, incurring a cost esti-
mated at 300–400 billion US$ [69]. Implementing 
efforts to navigate the national energy system as soon 
as possible is imperative. This proactive approach is 
necessary to control and minimize the impacts of 
socioeconomic growth on continuously increasing 
energy demand and the consequent carbon emissions. 

Delayed management would lead to substantial accu-
mulated excessive emissions that must be reduced to 
achieve the net-zero emission target in 2050, especially 
in the SSP5 scenario.

To examine the transitions needed for Vietnam’s 
energy system to achieve the carbon emission target of 
185 Mt CO2 in 2050, we performed a series of tri-
al-and-error simulations. Adjustments were made to the 
parameters of three variables: energy intensity (EI), 
energy consumption per resident (EPR), and renewable 
energy share (RES). EI and EPR were gradually lowered 
while RES was increased to reflect the transition 
towards green and sustainable energy sources, aiming to 
reduce the intensity of energy consumption from both 
residential and industrial sectors.

In the SSP1 scenario, characterized by sustainabili-
ty-focused growth and equality, Vietnam would need to 
increase its renewable energy share by 25% and reduce 
energy intensity and energy consumption per resident by 
46%. This scenario emphasizes the necessity of substan-
tial investments in renewable energy sources, including 
solar, wind, hydropower, and biomass, and enforcing 
stricter environmental regulations to achieve notable 
reductions in energy intensity and carbon emissions. A 
key strategy in this scenario involves reducing residen-
tial energy intensity through households’ widespread 
adoption of rooftop solar systems, which the govern-
ment is promoting [70]. By encouraging and subsidizing 
rooftop solar installations, Vietnam can significantly 
reduce residential energy consumption from the grid, 
leading to lower overall energy intensity. Policies should 
promote energy efficiency across all sectors, encourag-
ing the adoption of energy-saving technologies and 
practices while ensuring that households contribute to 
the energy transition through decentralized renewable 
energy generation.

For the SSP2 scenario, which represents a “middle-
of-the-road” world, achieving the carbon emission target 
requires a 25% increase in the renewable energy share 
and a 25% reduction in energy intensity and energy con-
sumption per resident. This moderate growth pathway 
highlights the importance of adopting a balanced energy 
mix that prioritizes renewables. Leveraging economic 
growth to invest in advanced energy technologies and 
infrastructure improvements is crucial. Policymakers 
should focus on steady, incremental progress in enhanc-
ing renewable energy capacity, improving energy stor-
age solutions, and promoting energy-saving practices 
among consumers and industries.
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In the SSP3 scenario, characterized by resurgent 
nationalism with the highest population growth and the 
lowest economic development, a 20% increase in renew-
able energy share and a 21% reduction in energy inten-
sity and energy consumption per resident are necessary 
to meet the carbon emission target. This scenario under-
scores the importance of maximizing the efficiency of 
available domestic resources and promoting local renew-
able energy projects. Regional cooperation and commu-
nity-based energy initiatives, focusing on small-scale 
solar, wind, and biomass projects, are essential to reduce 
dependency on fossil fuels. Strengthening regional col-
laboration and supporting joint energy projects can facil-
itate infrastructure development, which is crucial for a 
scenario with limited access to international technology 
and financial resources.

In SSP4, high inequality results in uneven energy 
access and development, with advanced urban areas 
adopting cleaner technologies while rural regions lag 
behind. In this scenario, in 2050, Vietnam’s urban popu-
lation was projected to be 2.1 times higher than its rural 
population. This scenario necessitates a 25% increase in 
renewable energy share and a 23% reduction in energy 
intensity and energy consumption per resident to meet 
the 2050 emissions target. Implementing social pro-
grams to support vulnerable populations and promote 
inclusive economic growth is essential. Policies to 
enhance energy efficiency in urban centers must be com-
plemented with measures to introduce and promote 
energy-saving technologies in rural households and 
industries. This could involve government-funded pro-
grams to provide energy-efficient appliances and build-
ing materials, ensuring that the benefits of reduced 
energy consumption are widespread.

The SSP5 scenario, which anticipates the highest 
energy demand due to rapid economic growth and inten-
sive fossil fuel use, poses significant challenges. 
Achieving the emission target in this scenario requires a 
28% increase in renewable energy share, a 50% reduc-
tion in energy intensity, and a 65% reduction in energy 
consumption per resident. This scenario underscores the 
critical need for investing in cleaner fossil fuel technolo-
gies to manage high fossil fuel dependency while foster-
ing the transition towards renewable energy. Encouraging 
technological innovation to improve energy efficiency 
and reduce the industrial carbon footprint is vital. 
Additionally, economic policies must be implemented to 
mitigate the environmental impact of growth, addressing 
issues such as air pollution from intensive emissions.

After these transitions, the projected carbon emis-
sions in 2050 for SSP1, SSP2, SSP3, SSP4, and SSP5 
scenarios are 183.4 Mt, 184.7 Mt, 184.5 Mt, 184.9 Mt, 
and 184.7 Mt CO2, respectively. These findings under-
score the varying degrees of policy adjustments required 
across different scenarios, highlighting the need for tai-
lored strategies to achieve Vietnam’s net-zero emission 
target by 2050.

5.	Conclusion 

This paper has established a unified analytical frame-
work based on SDM to systematically assess ener-
gy-related CO2 emissions in Vietnam. The analysis 
includes identifying key determinants, predicting future 
trends in SSP scenarios, and comparing predicted emis-
sions with the country’s CO2 emission targets until 
2050. The SD model revealed intricate and dynamic 
interactions among population growth, economic 
development, energy structure, and carbon emissions. 
The main findings are as follows: (1) The growth rate 
of GDPPPP is identified as the primary driver of 
Vietnam’s energy-related carbon emissions. Reduced 
energy intensity and adjustments to the energy struc-
ture, particularly towards renewable energy, also sig-
nificantly reduce carbon emissions. The influences of 
population growth and energy consumption per resi-
dent on carbon emissions are relatively limited. The 
identified key influencing factors offer valuable infor-
mation for policymakers to target priority sectors for 
carbon emission reduction. (2) Predicted estimations in 
SSP scenarios show that energy consumption and CO2 
emissions are highest in SSP5, followed by SSP1, 
SSP2, SSP4, and SSP3. In the 2050 forecast, energy 
consumptions range from the highest at 16,536 PJ to 
the lowest at 6,942 PJ, and CO2 emissions range from 
the highest at 1001 Mt CO2 to the lowest at 420 Mt 
CO2. (3) A comparison with the national carbon emis-
sion targets in 2030 and 2050 reveals that the predicted 
values in all SSP scenarios can meet the 2030 CO2 
emission target but fail to meet the 2050 CO2 emission 
target. This failure is attributed to high fossil energy 
demand for economic development. The amount of 
CO2 emissions that need to be reduced for Vietnam to 
meet its emission targets is highest in SSP5, driven by 
enormous CO2 emissions from rapid economic devel-
opment. These results highlight the risks of the infeasi-
bility of Vietnam meeting its net-zero emission 
commitment in 2050.



System Dynamics Analysis of Vietnam’s Energy-related Carbon Emissions: Towards a Net Zero Future

84	 International Journal of Sustainable Energy Planning and Management Vol. 42 2024

Addressing the challenges linked to energy-related 
CO2 emissions in Vietnam necessitates a comprehensive 
strategy. Drawing from our findings, policy implications 
were recommended for each examined scenario. These 
recommendations focus on economic restructuring with 
sectoral approaches, restructuring the energy sector 
towards renewable energy, enhancing energy efficiency, 
and strengthening policy coordination and integration.

Aside from the findings, this paper still faces some lim-
itations. Due to the complexity of national-scale carbon 
emissions, there are assumptions and constraints in the 
structured and estimated SD model. Firstly, this study did 
not account for the adoption of green technologies or 
reduction initiatives over time in efforts to reduce energy 
intensity and carbon emissions. Secondly, due to a lack of 
data, we assumed a fixed structure of coal, gas, and oil 
within fossil energy, which may change in the future with 
the adoption of more advanced energy technologies. 
Thirdly, there are potential variables that can affect the 
population and economic subsectors, but their causal rela-
tionships and feedback were simplified. These limitations 
also present further opportunities for future studies.
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