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Abstract

In Vietnam, energy generation accounts for more than half of the national greenhouse
gas (GHG) emission. This sector has tremendous potential for emission reduction
through the exploitation of renewable energy resources. This study examines the
environmental impact of grid-connected solar and wind power in Vietnam, with a
focus on GHG emissions. A life cycle assessment was conducted for these purposes. A
case study of an integrated 50 kWp solar photovoltaics (PV) and 6 kW wind power
model in the Central Highland of Vietham was selected to illustrate the environmental
impact of solar and wind power in Vietnam. The environmental inflows and outflows
were quantified from raw material extraction for manufacturing components of the
model, such as the panels, turbines, inverters and subsidiary components, to the end
of life of the model. OpenLCA software was used for the calculation, with background
data from publications and free LCA databases. The results obtained indicate that the
life cycle GHG emissions are 20 gCO2e/kWh of solar PV, 3.7 gCO2e/kWh of wind
power, and the total emission of the model during its 25-year lifetime is 38.28 tCO2e.
If solar and wind power replace grid power, the lifetime emission reduction of the
integrated solar and wind power model would be 1.8 thousand tCO2e.
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1. INTRODUCTION

The increasing emissions of anthropogenic greenhouse gas (GHG) requires immediate and strong
actions. The adoption of renewable energy technologies is believed to tackle this problem. In
Vietnam, the energy sector contributed 151.4 MtCO2e in 2013, accounting for 58% of the national
GHG emissions with land use, land use change and forestry (LULUCF) [1]. In 2014, the emissions
of this sector increased by 13% to 171.62 MtCO2e, accounting for 60% of the national GHG
emissions with LULUCEF [2]. The Vietnamese government identified a range of actions to mitigate
the GHG emissions of the energy sector. By applying 17 mitigation actions on renewable energy
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and energy efficiency technology, the GHG emission reduction was expected to reach around 65.93
MtCO2e by 2030 [2].

Globally, many life cycle assessment (LCA) studies have been conducted to estimate and
quantify GHG emissions of renewable energy technologies. In 2003, Goralczyk conducted an
LCA on the renewable energy sector of Poland, to compare environmental impacts of renewable
and conventional energy [3]. The technologies investigated included solar PV, wind turbine,
hydropower, oil thermal, coal thermal and natural gas thermal power. It was estimated that the
GHG emissions and waste generation of solar PV were the highest among renewable sources, at
29 kgCO2 and 6.4 gCO2, but insignificant when compared to conventional energy sources [4].

Jungbluth et al. applied LCA to study the environmental impacts of twelve grid-connected
solar PV at 3 kWp and 4 wind turbine systems from 30 kW to 800 kW in Switzerland [4]. With
the Eco-indicator 99 (H, A) impact assessment, it was indicated that the highest environmental
impacts originated from the average solar PV power, while the slanted roof, pc-Si power had the
least environmental impact. Among the impact categories, most of the environmental impact was
concentrated in fossil fuel consumption and respiratory effects. In terms of wind power, the GHG
emissions of 800kW onshore and 2 MW offshore wind power were 11 g/kWh and 13 g/kWh
respectively. Among all the impact categories studied, carcinogenic and respiratory effects were
the highest impacts for the 2MW turbine. All impact categories of offshore turbines were higher
than those of onshore turbines, except for land use effect [4].

Varun et al. reviewed existing LCAs on electricity generation technologies from renewable
sources and identified that the GHG emissions of renewable power technologies were not totally
non-existent, but insignificant, compared to fossil fuel-based technologies [5]. Specifically, the GHG
emissions of solar PV and wind power were 53.4 — 250 gCO2/kWh and 9.7 to 123.7 gCO2/kWh
respectively, while those of coal fired power were the highest among all types of energy generation
technologies, at 975.3 gCO2/kWh [5].

In Asia, several LCAs studies have been conducted on the environmental impacts of solar PV
and wind power. Hondo conducted a combined process-based and input output LCA on the
Japanese power sector in base case (current situation of the power sector) and future case (taking
into account technological improvements) [6]. The author identified that the GHG emissions of
wind power were 29.5 gCO2/kWh in the base case and 20.3 gCO2/KWh in the future case. For
solar PV, the GHG emissions were 53.4 gCO2/kWh in the base case and 42.9 and 26.0 gCO2/kWh
in the future cases of a-Si and p-Si solar cells respectively [6].

An LCA study conducted on a small, grid-connected solar PV system in Singapore indicated
that the life cycle GHG emission of solar PV is 217 gCO2/kWh [7]. In cases of technology
improvement, change in the supporting structure and efficiency improvement of the solar PV
module reduced the GHG emissions to 129 gCO2/kWh, 177 gCO2/kWh and 165 gCO2/kWh
respectively. In this study, GHG emissions of CH4 and N2O were ignored due to the uncertainty
of the data on primary energy consumption in the background process [7].

Li et al. conducted an LCA on 33 wind farms with an installed capacity of 1.5MW in China [8].
Five major pollutant emissions including those of carbon dioxide (CO2), particulate matter (PM),
carbon monoxide (CO), nitrogen oxide (NOx) and sulfur dioxide (SO2) were calculated and it was
identified that the life cycle CO2 emissions were the highest among different pollutants, at 31.32
gCO2/ kWh [8].

In Vietnam, to the best of the authors” knowledge, no other work has conducted an LCA on
integrated solar PV and wind power. This paper will present a case study on an integrated model
of 50 kWp solar PV and 6 kW wind power in the Central Highland of Vietnam.
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2. MATERIALS AND METHODS

LCA quantifies the environmental and material input and output flows of a product system
over its life cycle [ISO, 1997 cited in 9]. All inputs, emissions and waste are accounted over all
stages relevant to the product system, from raw material exploitation, processing, production,
consumption of product and service, to transportation and waste treatment. LCA is an effective
and systematic methodology to assess the environmental impacts of a product system [9]. This
study followed the international standard on LCA, including ISO 14040:2006 [10] and ISO 14044:
2006 [11].

There are two common approaches for conducting an LCA: process-based and input-output-
based LCA [12]. In the process-based approach, a product/ service is analyzed on its inputs
(raw materials and energy) and outputs (emissions and waste) in different stages over its life
cycle. For example, in the generation of bio-power, the common processes include energy crop
plantation, preparation of biomass materials, transportation of biomass materials to power plants
and bio-power generation. Each process requires inputs such as seeds, fertilizers, water during
the energy crop plantation, fuel, oil and gasoline during the transportation of biomass materials
and outputs such as waste and waste water during the energy crop plantation, emissions to air
during the preparation of biomass materials, transportation of biomass material and bio-power
generation.

Another approach to conduct an LCA is based on the input-output model, where flows of
product/ service (outputs of one industry) are consumed by another industry (used as input
in another industry). These flows of inputs and outputs are presented in the form of a matrix,
in which each row and column represents an industry. The interactions between rows and
columns determine the economic value of one industry’s outputs (in rows) and requirement
of one industry’s inputs (in columns). These transactions among industries are converted into
monetary value. As the conventional input-output model focuses on describing economic activities
among industries, in order to be eligible for LCA, the model needs to be supplemented with the
environmental columns, which is known as the environmental extended input output (EEIO)
model. The row value of these environmental columns represents the environmental outflows of
these industries. At the same time, these outflows are inflows of the “environment” industries.

All interactions and emissions of all industries are described in the EEIO model; therefore,
the system boundary of the investigated product system is large. However, in contrast to its
comprehensiveness, the details of each product in one industry are not clearly described. As a
result, the input output-based LCA is suitable for assessing environmental impacts of one industry
or one economic sector with several products, for example, the power generation sector with
different types of technologies, such as coal thermal power, gas turbine power, hydropower, wind
power, solar power and so on. In order to clearly describe the life cycle environmental impacts of
a specific product, for example solar PV or wind power, the process-based LCA would be more
suitable.

The investigated product system is an integrated 50 kWp solar PV and 6 kW wind power
model, being installed in the Central Highland of Vietham. As the product system is specific,
without being upscaled to other regions or over the country, and the relative amount of power
generation is small compared to the total national power generation, the process-based approach
will be applied.

In order to conduct an LCA on a simple product system, the calculation can be performed
manually, with the support of Excel sheets. However, for a complex product system, the dataset
will be large, making it difficult to calculate on Excel sheets. Several LCA software are available
which support the calculation of LCA for complex product systems, such as SimaPro of PRé
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Consultants [13], GaBi Software of PE International [14] and OpenLCA of Greendelta [15]. SimaPro
and Gabi have a built-in life cycle inventory database; therefore, the burden of data collection
will be reduced and the users need not enter all input data. These softwares require an annual
subscription fee.

The study used OpenLCA for the life cycle impact calculations and assessment of the integrated
model. OpenLCA has the advantage of an open source software, which can be adjusted according
to the users’ preference. This software is highly suitable for calculating and assessing the life cycle
impact under the financial constraints. However, OpenLCA requires users to collect the technical
data as well as environmental inventory database. The specific database used in the study will be
presented in the following part.

3. DEerFINITION OF GOAL AND SCOPE

This study aims to provide provincial and regional authorities information on environmental
benefits and impacts of integrated solar PV and wind power in Vietnam, using the 50 kWp solar
PV and 6 kW wind power model in the Central Highland in Vietnam as a case study. The product
system of an integrated solar PV and wind power model will generate renewable power. All the
raw material, energy and water consumptions, and emissions to air, water and soil are accounted
for the functional unit of 1 kWh of renewable power.

The whole life cycle of the integrated solar PV and wind power model will be covered in the
study, from manufacturing of components of the two modules, installing and constructing the
modules, operating the model and its end of life (Figure 1). It is assumed that impacts from
infrastructure and subsidiary systems are insignificant and are thus excluded from the system
boundary of the investigated product system.

Solar PV and
wind power

e

Manufacturing ( )
of Installation Operation End of life
components § )

[Transportation ] Transportation Solar PV module
and wind power
module

Raw material
extraction

Figure 1: System boundary of the integrated solar PV and wind power model

In terms of data collection, processes that directly relate to the module are accounted by the
properties of the actual module being installed in the Central Highland of Vietnam. The data
of these processes are taken from the technical specification of the modules and information/
document provided by the manufacturer and calculated by the authors. Background processes
are accounted by reviewing solar PV and wind power LCA reports and some free LCA databases
[16-19].

The selected impact assessment methodologies are Recipe and IPCC. Although there are
several other such methodologies, such as CML, IPCC, Eco indicator and TRACI, they have
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various applications. CML and Eco Indicator methodology focus on environmental impacts, while
TRACI focuses on the human health impact. Recipe is the most common impact assessment
methodology for energy projects and was hence selected for this study. Besides, the paper used
IPCC methodology, which focuses on climate change impacts. The results obtained with IPCC
methodology are used for comparison with those obtained with Recipe.

4. DESCRIPTION OF TECHNOLOGIES

The integrated 50 kW solar PV and 6 kW wind power model was installed in the high-tech
agriculture area of the Vietnam Academy of Science and Technology (VAST) in the Central
Highland of Vietnam in 2019. The list of components of the integrated solar PV and wind power
model is furnished in Table 1. Configuration of the two modules has been presented in Figures 2
and 3.

The solar PV module includes two blocks of 45.5 kWp and 4.4 kWp. The 45.5 kWp block is a
fixed, roof-mounted module, including 123 single crystalline solar panels, each with a capacity of
370 Wp. This block is connected in series to increase the voltage to match the working voltage
of the grid-connected inverter. After being stably connected to the solar system, the inverter
will be connected to the local three-phase power grid. Power from the solar systems is direct
current, and is converted into alternating current by the DC/AC grid connected inverter. The
voltage and frequency of the power is suitable for connecting to the industrial power grid. Power
generated from the solar system will be used for internal load of VAST’s high-tech agriculture
area, in replacement of power from the national grid. Any excess power will be transmitted to the
local power grid.

The wind power module includes three small, vertical wind turbines, with a capacity of 2kW
each. Power from these turbines will be connected to the battery system (8x200Ah) through the
load controller. As the wind speed in the installed area is quite low and unstable during some
months of the year, the wind power module will be connected to the 4.4 kWp solar PV block. The
DC/AC hybrid inverter will be used to connect the wind turbines, 4.4 kWp solar PV block, grid
power and loads of the VAST’s high-tech agriculture area. The DC/AC hybrid inverter can charge
the battery system from the solar PV block or from the grid power. When the battery system is
fully charged, the power from the solar PV block will be transmitted to the AC local grid. When
the grid power is disrupted, the battery system will provide power for the continuous operation
of loads of VAST’s high-tech agriculture area.

The total annual power generation of the model is 80,835 kWh. The power generation quantum
of the solar PV module is calculated based on the solar radiation potential of the installation site,
with PVsyst software. The total solar PV power generation output is 82,706 kWh annually. Table
2 specifies the annual power generation output of the model. The amount of power generation
of the wind power module is calculated based on the wind speed of the installation site, with
RETSCREEN software. The total wind power generation output is 5,256 kWh annually.

The life cycle of the integrated model includes the life cycle of the solar PV module and wind
power module. The solar PV module life cycle includes processes of manufacturing of solar PV
panel (mg-silicon, mono-crystalline silicon, wafer, metallization past, photovoltaics cell, solar
panel, assembly of components), manufacturing of inverters and other components, installation
of panels, inverters and other components, operation and the end of life of the module. These
processes include the transportation of panel components to the panel-manufacturing factory,
transportation of panels, inverters and other components to the installation site and transportation
of the de-commissioned equipment to the recycling site, at the end of the module’s life cycle. The
solar PV module life cycle excludes machines used for the manufacture of PV panels or mounted
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Figure 2: Configuration of solar PV module
Table 1: Components of the investigated model
Number Capacity
Solar PV cell 135 370 Wp
10 kW

3-phase inverter
Mounting framework
Electric power station

other subsidiary systems Connecting box, cables, ground connecting system

= 00 W Wk = = O

Wind turbine 2kW

Load controller

Battery 200 Ah
4.6 kW

Hybrid inverter

frame.

The wind power module life cycle includes processes of manufacturing of wind turbines,
wind tower, nacelle, base/ foundation, cables, inverters and other components, construction and
installation of turbines, inverters and other components, operation and end of life of the module.
These processes include the transportation of turbine components to the turbine manufacturing
factory, transportation of turbines, inverters and other components to the installation site and
transportation of the de-commissioned equipment to the recycling site at the end of the module
life. The wind power module life cycle excludes machines used for the manufacture of tower,

blades or cables.

7
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Figure 3: Configuration of wind power module

Table 2: Annual power generation output of the solar PV module

Gl. Horiz Coll. Plane System output System output

kWh/m2.day kWh/m2.day kWh/day kWh
Jan 4.24 4.68 192.6 5970
Feb 5.20 5.59 230.2 6444
Mar 5.37 5.56 229.1 7102
Apr 5.69 5.64 232.4 6973
May 5.66 5.45 2243 6953
Jun 5.59 5.28 217.3 6520
Jul 5.83 5.54 228.2 7073
Aug 5.47 5.35 220.3 6831
Sep 4.94 5.02 206.6 6199
Oct 4.32 4.51 185.8 5760
Nov 3.69 4.03 166.0 4981
Dec 3.38 3.74 154.0 4773
Year 495 5.03 207.1 75579
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5. REsuLTts AND DiscussioN

The life cycle inventory results of the integrated model indicated that most of the inputs for renew-
able power consisted of water usage, resource consumption from the ground and consumption of
fossil fuel (Table 3). Water was used mainly during the operation of turbines in the background
process. Fossil fuel consumption included consumption of coal, crude oil and natural gas. Land
resource consumption included gravel, canxi carbonate during the construction and installation of
the model. Consumption of metals and other minerals (excluding coal) was insignificant. Outputs
of manufacturing and operating the model included land use impact, impact on water, emissions
of radon-222, hydrogen-3, radioactive substances and waste heat. Land use mostly concerned
the process of disposal of radioactive waste of solar panels. Similarly, the emissions of radon-222
and radioactive substances came from solar PV production processes. Impacts on water resources
included hydrogen-3 and wastewater of the cooling processes (Table 4).

Table 3: Some main inputs of the integrated model

Inputs Cate- Sub Unit Amount
gory category

Water, turbine use, unspecified natural origin Re- Water m3 0.1586
source

Energy, potential (in hydropower reservoir), Re- Water kWh  0.02790

converted source

Gravel Re- Ground kg 0.0216
source

Energy, gross calorific value, in biomass Re- Biotic kWh 0.007328
source

Calcium carbonate Re- Ground kg  0.003668
source

Coal, hard, unspecified Re- Ground kg  0.003487
source

Coal, brown Re- Ground kg  0.003414
source

Energy, kinetic (in wind), converted Re- Air kWh  0.00336
source

Oil, crude Re- Ground kg  0.002503
source

Gas, natural Re- Ground m3  0.002451
source

The life cycle impact assessment results indicated that renewable power generated by the
integrated model has a minor impact on the ecosystem and human health. Most of the impacts
originate from resource consumption. Table 5 presents the life cycle impacts of power generated
by the integrated model with Recipe Endpoint H.

Calculation of climate change impact by two different impact assessment methods, including
Recipe Midpoint H and IPCC2013, demonstrated that life cycle GHG emissions of solar PV and
wind power are 0.02 kgCO2e/kWh and 3.7 gCO2e/kWh respectively, which constitute a total
of 20 gCO2e/kWh. The majority of renewable electricity emissions come from solar modules,
accounting for 85% of the total emissions. Wind power module emissions are small, at about
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Table 4: Some main outputs of the integrated model

Outputs Category Sub category Unit Amount

Volume occupied, final repository for Resource Land m3 446

radioactive waste

Volume occupied, final repository for Resource Land m3 406

low-active radioactive waste

Water, cooling, unspecified natural origin Resource Water m3  390.995

Radon-222 Emission to  Low population, kBq 6.027
air long term

Noble gases, radioactive, unspecified Emission to ~ Low population  kBq 3.352
air

Radon-222 Emission to ~ Low population = kBq 0.1438
air

Hydrogen-3, Tritium Emission to Ocean kBq 0.1349

water

Heat, waste Emission to  High population =~ kWh 0.03489
air

Heat, waste Emission to Unspecified kWh 0.02680
air

Hydrogen-3, Tritium Waste water River kBq 0.01371

Table 5: Life cycle impacts of the integrated solar PV and wind power models

Impacts Results
Human health (DALYs) 0.00086
Ecosystem (species/ year) 2.09E-6

Resource consumption (USD2013)  0.0021

15-16% of the total emissions. There is a small difference in emissions of the wind power module
when calculated by the Recipe indicator and IPCC2013, at 3,818E-3kgCO2e with the Recipe
indicator and 3,772E-3 kgCO2e with the IPCC2013 indicator. This difference accounts for only
about 1% of the module emissions, and is negligible. The results of climate change impact of
renewable electricity are shown in Figures 4 and 5.

According to the calculation of the Department of Climate Change, the emission factor of
Vietnam electricity grid is 0.913 kgCO2e/kWh (Document No. 263/BDKH of DCC dated on 12
March 2020). This emission factor is much higher than the life cycle emission of the investigated
integrated model, at 20 gCO2e/kWh solar PV and 3.7 gCO2e/kWh wind power. The annual
electricity generation of the module is estimated at 75,579 kWh for solar PV module and 5,256
kWh for wind power module. When the grid power is replaced by solar power and wind power,
the GHG emission reductions of the integrated module for 25 years of operation are around 1.8
thousand tCO2e (Table 6).
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Figure 4: Global warming potential of the integrated model with Recipe

Impact category |- IPCC GWP 100a
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Figure 5: Global warming potential of the integrated model with IPCC2013

Table 6: Emission of the studied integrated model, compared to on-grid electricity power

Electricity Life cycle GHG emission Life- Total GHG
generation factor (kgCO2e/kWh) time emission
(kWh/year) (year) (kgCO2e)
Solar PV 75,579 25 year 37,789
module
Wind 5,256 25 year 495
power
module
On-grid 80,835 25 year 1,845,058
electricity

*The on-grid electricity emission was calculated based on the emission factor for 2019 on-grid

electricity of the Department of Climate Change [20].

6. CONCLUSIONS

The renewable power generated by the integrated model of 50kWp solar power and 6kW wind
power has minor environmental impact over its life cycle. Among the environmental impacts,
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those on human health and the ecosystem are almost negligible. The renewable power generated
by the integrated model causes a small impact on resource consumption over its life cycle. Besides,
the GHG emission impacts of the model are also relatively small. During its 25 years of operation,
the GHG emission reduction of the model would be about 1.8 thousand tCO2e, if it were replaced
for on-grid power in Vietnam.
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