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Abstract: Pig production has greatly contributed to economic development in Vietnam. However,
the lack of appropriate management of large amounts of pig manure has caused serious adverse
environmental impacts including GHG emissions. To address this challenge, this study explored the
potential of biogas production from manure in Hanoi. Through the use of GIS suitability analysis,
cluster analysis, and the analytic hierarchy process (AHP) technique, the study first analyzed the
spatial distribution of pig farms, identified optimal locations for biogas plants, and evaluated potential
benefits of introducing biogas production to satisfy the electricity demand and reduce GHG emissions.
The results show that it is possible to optimally install two biogas plants with a capacity of more than
1 MW and three with a capacity of more than 250 kW, meeting 1.75% and 0.76% of the electricity
demand of Son Tay and Thach That respectively. The study estimated that the implementation of
the three proposed scenarios would reduce GHG emissions by 84,777 tons of CO2 eq/year compared
to the current situation or baseline scenario. The results open a great opportunity to address local
energy security with renewable energy and reduce GHG emissions effectively.
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1. Introduction

Pig production has always been the key and traditional livestock industry in Vietnam. From 2017
to 2018, Vietnam ranked in the top 10 countries in the world in terms of pork production and
consumption [1,2]. Pig production in Vietnam is mainly concentrated in the provinces of the Red River
Delta, Midland and Northern Mountain, North Central and the Central, and Mekong River Delta with
29%, 19%, 19%, and 13% respectively. Dong Nai, Hanoi, Bac Giang are the provinces with the highest
number of pigs in Vietnam, ranging from 1 to 2 million heads in 2017 [3].

While, on average, the number of pigs per farm was 2000 [4], in recent years, Vietnam livestock
production has rapidly shifted from small-scale livestock production to large-scale concentrated farms.
Currently, large-scale pig farms account for 35% of the total pig heads, contributing to 43% of the total
production, and this trend is expected to increase in the future [4].

As a consequence of this trend, poor manure management has become one of the major sources of
agriculture GHG [5]. Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are the three
major GHG emissions from livestock into the atmosphere [6,7]. CH4 and N2O are 25 and 298 times more
powerful GHGs than CO2, respectively, if considered over a time span of 100 years [8,9]. Vietnam GHG
inventory shows that GHG emissions from manure management account for 8.6 Mt CO2e. It also shows
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that the sub-sector of pig manure management is one of the 32 major emission sources of the country.
Moreover, pig production is the largest source of agricultural waste accounting for 24.96 million
tons [10]. These negative trends will continue if appropriate measures are not properly implemented.

The Vietnam Government has put in significant efforts to address this problem. One of the most
important measures is a program to promote biogas development. Under this program, the government
set a target to promote biogas from manure and reach 45% of the total manure discharge by 2020.
The potential for biogas is huge with an annual discharge of about 85 million tons of livestock
wastes. However, biogas production in Vietnam so far has been largely funded by non-governmental
organizations and limited to small-scale production developed across the country with more than
1 million facilities. While medium and large-scale farms have started to build different types of biogas
plants, currently only 0.3%, out of 17,000 farms across the country utilize waste to produce biogas [11].
In practice, there is a huge gap between the actual situation regarding biogas plant implementation
and the government target.

Until now, there is only a biogas production facility for electricity generation in the pig farm under
a company in Binh Duong province. This facility has a total installed capacity of 17,000 m3 (equal to
2 MW). Other facilities are designed only for the production of biogas to replace fuel oil for cooking or
coal for distillation. Excess gas is burned away or discharged directly into the environment [12].

Since 2010, the government has issued many policies to encourage investment in the field of
renewable energy (RE) with the goal to increase the total renewable energy up to 4.5% of the country’s
energy demand [13]. The National Energy Development Strategy has implemented a development
strategy for the energy sector, including coal, oil and gas, electricity, and renewable energy (RE) based
on 2020 with a vision to 2050. Accordingly, the goal is to increase the share of RE, including biogas,
to approximately 5% in 2020 and 11% in 2050 [12]. In 2016, Vietnam’s Nationally determined
contributions (NDCs) set a goal to reduce its greenhouse gas emissions by 8% by 2030 unconditionally
and by 25% with international support [14].

In order to support effectively the policy-making processes in Vietnam, it is necessary to
research and assess properly the actual potential of bio-energy resources. Based on this assessment,
the government can introduce mechanisms and policies to subsidize the purchase of output electricity
produced from bio-energy. By proposing a viable method to find out the optimal potential and
suitable location for biogas facilities, this study will contribute to the implementation of appropriate
mechanisms and policies.

In order to increase biogas production and its effectiveness in Vietnam, it is important to identify
optimal locations for biogas plants considering geographic and environmental feasibility, transportation
distance, and socio-economic conditions. The Geographic Information System (GIS) is a powerful tool
that can help us manage geographical data and spatial factors tool and hence help us identify the
optimal locations for the sitting and installation of biogas plants.

There are many previous studies that have employed the GIS as a useful tool for decision making
on resources management, suitability, and optimization analysis in many countries and regions [15–20].
Samira Zareei [20] used information on population, land-use maps, and the GIS to develop a model for
the evaluation of biogas production from livestock manure and rural household waste and identified
the optimal locations for biogas plants in Iran. J. Höhn et al. [21] applied the GIS methodology to
analyze the spatial distribution and amount of potential biomass feedstock and to find the most
suitable locations for biogas plants by the optimization of transportation distance in southern Finland.
Sliz-Szkliniarz et al. [18], for instance, determined the optimal sites for installing anaerobic digesters
(AD) by applying the GIS model with the focus on animal manure and co-substrates in Poland.
Perpiña et al. [22] and Silva et al. [23] conducted a multi-criteria assessment in GIS environments with
the analytic hierarchies process (AHP) for identifying suitable sites for the construction of biomass
plants. Hali Akinci et al. [24] also used the GIS and AHP techniques for determining suitable lands
for agriculture use in the Yusufeli district, Turkey. K. Laasasenaho [25] identified potential bioenergy
areas and optimized biomass transportation and plant size by using a combined approach with R
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software and tools in the GIS. Sedat Yalcinkaya Izmir [26] found out potential plant sites based on a
location-allocation analysis in the GIS to investigate the location, sizes, and transportation cost in Izmir,
Turkey. The unit cost of electric energy and the existing feed-in tariff for biogas plants were compared.
Mohamed Mahmoud Ali et al. [27] applied the GIS to show the amount of waste, the potential of biogas,
and the equivalent energy amount in African countries. This revealed that the revenues from the sale
of biogas-generated electricity and digested slurry could pay for the initial investment for 6.5 years
without subsidy. Valenti et al. [28] applied the GIS in combination with a techno-economic assessment
to determine the size and location of four biogas plants and evaluate that the system satisfied 27% of
the total agricultural electricity demand with a discounted payback period of fewer than 6.5 years for
the biogas power generation system. Kamalakanta Sahoo et al. [29] developed a GIS-based model
with multi-criteria analysis to study the availability of sustainable crop residues, identify suitable sites,
and optimal sitting of biogas plants. Scarlat et al. [15] used a spatial assessment of biogas potential
of farm manure with a 1 km threshold in the Europe level. Mohamed [30] assessed land suitability
and capability by combining the GIS and remote sensing for agriculture in Chamarajanagar, India for
better land-use options. Sorda et al. [31] simulated spatially to evaluate potential diffusion of biogas
technology based on the current financial scheme for electricity to make investment decisions coupled
with GIS data. For studies regarding spatial optimization regarding GHG emissions, there is a study
that used a GIS-based estimation of the fixed CO2 in tree biomass in the Neyyar Wildlife Sanctuary in
Western Ghats, India [32]. Another study uses the GIS to model CO2 emissions with the commute of
pupils in the UK [33]. The study on finding optimal location of biogas plants from animal manure to
reduce travel costs for supply chains in North Dakota also is a good reference for spatial optimization
regarding cost reduction [33,34].

Several approaches from these studies were used in this paper to facilitate implementing biogas
plants with optimization of pig manure management to generate biogas power in Hanoi, Vietnam.
However, to the best of our knowledge, no study has applied the GIS approach by taking into
consideration both the statistical cluster analysis to allocate feedstock sources to potential plant options
and mentioning the effectiveness of biogas production regarding the calculation of net GHG emissions.

This study aimed to simultaneously optimize potential biogas production and reduce GHG
emissions from pig manure. With the help of the GIS, we not only identified the ideal locations of biogas
plants but also determined the scale of such plants, taking into consideration GHG emissions reduction.

The specific objectives of this study are to (i) analyze the spatial distribution and amount of the
potential biogas production from pig manure; (ii) identify suitable locations for biogas plants based
on geographic and emission reduction feasibility and socio-economic criteria; (iii) evaluate potential
benefits of introducing biogas production to satisfy the electricity demand and reduce GHG emissions.

The paper is organized as follows: Section 1 provides the research background on pig production
and manure, its environmental impacts, environment, and energy policies’ requirements, and the
importance of GIS application. Section 2 provides details of the study area. Section 3 explains in
detail the GIS tools, AHP analysis, and mathematic equations used in the methodology. Section 4
delves into results and discussion of the proposed scenarios and Section 5 highlights the conclusion
while coupling the research outcomes with policy implications to promote the development of biogas
utilization in Vietnam.

2. Study Area

Hanoi is located in the North East region of Vietnam (20◦53′–21◦23′ North and 105◦44′–106◦02′ East),
situated in Vietnam’s Red River delta, nearly 90 km (56 miles) away from the coastal area.

Hanoi has an average GDP growth of 8.8% and accounts for up to 13% of Vietnam’s GDP (2014).
Hanoi is the commercial, cultural, and educational center of Northern Vietnam. Having an estimated
nominal GDP of USD 32.8 billion (2018), it is the second most productive economic center of Vietnam.

Of the 30 districts and towns in Hanoi, 25 still rely on agriculture. However, concentrated and
large-scale pig raising outside the residential areas thrives in suburban districts, which are vast rural



Resources 2020, 9, 133 4 of 24

areas with favorable natural, economic, and social conditions for the development of high-quality
commodity agricultural production (Figure 1).
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Hanoi is the second-largest city in pig production in Vietnam, after the Dong Nai province.
The total number of pigs in Hanoi has been stable with approximately 1,600,000 heads per year.
In recent years, the number of large-scale farms is increasing and the number of small-scale farms is
decreasing. In 2016, there were approximately 679 pig farms located in many different rural areas
of the city but those numbers have been changing due to the socio-economic situation. On average,
farm size is 2000 to 5000 pigs per farm [4].

Until now, Hanoi has developed 13 key large-scale pig farms. Hanoi has set a target that farm
animal husbandry will account for 70% of the total livestock population by 2025 [35].

3. Materials and Methods

This study comprises the assessment of potential biogas production from pig manure. The study
first applied a site suitability analysis to identify available locations for the sitting of biogas plants by
(i) analyzing geographic criteria to restrict sensitive areas, (ii) considering socio-economic factors with
the Analytic Hierarchy Process to identify suitable areas in line with those factors, (iii) intersecting
the restriction map and the suitability map to obtain the final suitability map with available areas
for sitting biogas plants. The study then estimated biogas production capacity for pig farms and
carried out a cluster analysis to identify spatially statistically significant clusters with a high density of
potential biogas production and minimization of distance among them by Spatial Analysis. After that,
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the study designed a baseline scenario and proposed three other scenarios based on farm scale within
the selected clusters of farms in order to optimize the available input manure and the potential output
capacity. From here, the location, number, scale, and capacity of biogas plants for each of the proposed
scenarios were determined. Finally, the study calculated the net greenhouse gas emissions including
methane, nitrous oxide (from manure decomposition), and avoided carbon dioxide (from electricity
generation from biogas) for each scenario and compared them with the baseline scenario. The details
of the research framework are summarized in Figure 2. All the spatial analyses were performed
using ArcGIS software version 10.6 (Environmental Systems Research Institute, New York, NY, USA).
Livestock related data were collected from the Department of Livestock Production of the Vietnam
Ministry of Agriculture and Rural Development and the Livestock Production Center of the Hanoi
Department of Agriculture and Rural Development. Spatial data were collected from the Hanoi Urban
Planning Institute of the Hanoi People Committee.
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Figure 2. Research Framework.

3.1. Suitability Analysis

Suitability analysis is used to determine the appropriateness of a given area for a particular use.
Suitability analysis is usually done through an intersection of social, ecological, economic, physical,
biological, or other criteria. The results are often displayed on a spatial distribution map that is used to
highlight areas from high to low suitability. Suitability analysis uses Equation (1) [36] as below:

S =
n∑

i=1

WiCi ×

m∏
j=1

Rj (1)

where
Wi: Weights for Criteria i
Ci = Criteria for Selectivity analysis
i are roads, elevation and flood area
Rj: Restriction area
j are transportation networks including roads and railways; land use including residential houses,

public buildings, bridges, water stations, pump stations, electric stations, bus stations; surface water
including rivers, lakes, canals; protected areas including national parks and important places such
as airports.
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3.1.1. Restriction Analysis

Restricted areas are those areas we have to avoid during the development of biogas plants. In the
spatial analysis, it is necessary to restrict some layers, which could interfere with the development of
the biogas project. It is a very important requirement for every planning project. Restricted areas can
be identified based on a modified version of Ma et al., 2015, as shown in Equation (2).

R =
m∏

j=1

Rj (2)

where
R: Restriction area
Rj: restriction criteria such as transportation networks including roads and railways; land use

including residential houses, public buildings, bridges, water stations, pump stations, electric stations,
bus stations; surface water including rivers, lakes, canals; protected areas including national parks and
important places such as airports.

Restriction procedure includes some important steps: (i) identify restriction criteria; (ii) make
buffers for the restricted areas; (iii) convert them to raster; (iv) combine all restriction factors to obtain
the restriction map. Figure 3 details the restriction criteria used in the study.
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The buffer criteria for different restriction factors used in this research are based on the national
standards of construction of buildings, commercial infrastructure, and secondary literature sources
from previously published studies. Several secondary literature sources were referenced to find
out the suitable distance for making buffers of all mentioned layers for restriction analysis as in
Table 1 [20,22,37–40].
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Table 1. Buffering criteria for restricted places (in meters).

References
Transportation

Networks
(Roads, Railways)

Land Use
(Resident Houses,
Public Building,

Bridges, Stations)

Surface Water
(River, Lake,

Canal)

Protected Area
(National Parks)

Important
Places (Airports)

Pepina et al., 2013 100 600 500 500 500
Berisa&Birhanu, 2015 100 300 200 300
Chukwuma et al., 2016 30 1000 200 500
Merrouni et al., 2018 100 2000–5000 500 500
Zareei, 2018 30 1000 200 500 1000
Thompson et al., 2013 500 200
This study 30 200 500 500 500

The spatially referenced vector layers were processed using the tools from the Extract, Overlay,
Proximity toolboxes in order to produce a map illustrating restricted areas for biogas development and
to determine optimal zones.

After that, in order to convert any feature class (polyline, or point) to a raster, conversion tools in
ARCTool box were used. The outputs are maps with one value for the restricted area and one value for
the available area. Lastly, all detailed restriction maps were combined to obtain the overall restriction
map by multiplying the final raster maps with the raster calculator in Spatial Analyst Tools.

3.1.2. Selectivity Analysis

Selectivity analysis is used to rank and score sites based on multiple weighted criteria. Selectivity
analysis can be obtained based on Equation (3).

C =
n∑

i=1

WiCi (3)

where
Wi: Weights for Criteria i
Ci = Criteria for Selectivity analysis
i are roads, elevation and flood areas
For this study, three criteria of the suitability of locations of biogas plants including elevation,

road network distance, and flooding area distance are taken into consideration. As far as elevation is
concerned, a lower elevation is the better option to optimize collection and transportation. It is ideal to
sit the biogas plants in low lands and hilly high lands are not suitable since they cause difficulties for
material collection, transportation, and grid networks. Road network distance is important for spatial
resource distribution, optimization of service stations, and collection costs because the nearer pig farms
are from road networks, the cheaper transportation costs will be. Value is reserved in the theme of “the
closer the better” because it helps to narrow the transportation distance from collection points/farms to
biogas plants and vice versa. In terms of flooding areas, preferences are given to non-flooding areas.
Rivers are also essential factors to consider because the farther away from rivers and flooding areas,
the better the biogas plant is, avoiding flooding risks affecting their production activities.

The weighted preferences are calculated based on the Analytical Hierarchy Process (AHP).
The AHP introduced by Thomas Saaty [41], is an effective tool for dealing with complex multiple
criteria decision making. It provides measures of judgment consistency, gives priorities among criteria
and alternatives, and simplifies preference ratings among decision criteria using pairwise comparisons.

The AHP is conducted in line with the selectivity analysis, aiding the decision-maker to set
priorities and make the best decision by using a series of pairwise comparisons and then synthesizing
the results.

There are several basic steps to apply the AHP [42,43]. Firstly, decompose the issues for
making decisions into a hierarchy with consideration of a set of evaluation criteria and a set of
alternative options. As part of the first step in the research, the goal is set to find the best location
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for sitting the biogas plant. After discussions with relative stakeholders and experts on biogas
production, there are three criteria, including collection efficiency, safety, and cost minimization.
Therefore, road network, elevation, and flooding areas are considered three alternatives for the
selectivity model. These alternatives are factors associated directly with the feasibility of the construction,
operation, monitoring, and maintenance of biogas plants (Figure 4). Certain criteria are more significant
than others and must be weighted.
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Secondly, based on a combination of consultation with those experts and previous studies,
we develop the weights for the criteria by making a pairwise comparisons matrix among alternatives
for each criterion, normalizing the result matrix, calculating the average value of each row to get the
corresponding rate, calculating the consistency ratio, and analyzing the consistency of judgments.
The AHP mainly concerns the scaling issue and the numbers used in scaling and correctly prioritizing
in the pairs [41].

The priorities of the comparison (for each factor pair) in the second and third step are described
in Table 2 with the fundamental scale from 1 (equal value) to 9 (extremely different) where a higher
number means the chosen factor is considered more important in a greater degree than other factor
being compared with (Table 2).

Table 2. The fundamental scale in the AHP (Satty 1990).

Intensity of Importance
on an Absolute Scale Definition Explanation

1 Equal importance Two activities/features contribute equally
to the objective

3 Moderate importance of one over another One activity/feature is marginally favored
over another

5 Essential or strong importance One activity/feature is strongly favored
over another

7 Very strong importance One activity/feature is strongly favored
and its dominance is demonstrated

9 Extreme importance One activity/feature is of the highest
possible order of affirmation over another

2,4,6,8 Intermediate values between the two
adjacent judgments When compromise is needed
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In this study, a 3 × 3 matrix was developed for three specific criteria including collection efficiency,
safety, and cost minimization and three alternatives such as road networks, elevation, and flooding
areas based on the discussions with relative stakeholders and consultations with experts on biogas
production as well as previous studies. The pairwise preferences were then determined as matrices as
in Equation (4).

A =


A11 A12 A13

A21 A22 A23

A31 A32 A33

 (4)

where A11 = A22 = A33 = 1; A21 = 1/A12; A31 = 1/A13; A32 = 1/A23

Excel based matrices were set up to determine the relative importance of each criterion and
alternatives with respect to each other. For example, in order to make a matrix for a criterion of
collection efficiency, in the first line of the matrix, the importance of roads with respect to roads,
elevation, and flooding areas was determined and the same rule was applied to the other two lines.
The matrix for the criteria of safety and cost minimization was established in a similar way.

Aij is the value of row i and column j in the pairwise comparison matrix.
Then the column sum is Aij which is calculated by Equation (5).

Ai j =
n∑

i=1

Ai j (5)

Normalization of the matrix is done by totaling the numbers in each column. Each entry in the
column is divided by the column sum to yield its normalized score as in Equation (6).

Xi j =
Ai j∑n

i=1 Ai j
=


X11 X12 X13

X21 X22 X23

X31 X32 X33

 (6)

The matrix is normalized by totaling the numbers in each column. Each entry in the column is
divided by the column sum to yield its normalized score. The sum of each column is 1.

Then, we calculate the average value of each row as in Equation (7).

Yi j =

∑n
j=1 Xi j

n
=


Z11

Z12

Z13

 (7)

The consistency ratio is calculated in three steps as follows:
First, the consistency measure for one criterion is calculated as in Equation (8).

A11 A12 A13

A21 A22 A23

A31 A32 A33

 ×


Z11

Z12

Z13

 =


G1

G2

G3

 (8)

Then, we calculate the consistency index (CI) as in Equation (9).

CI =
λmax− n

n− 1
(9)

where λmax is the average value of consistency measure.
Finally, we calculate the consistency ratio as in Equation (10).

CR =
CI
RI

(10)
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where RI is Random Index

n 1 2 3 4 5 6 7 8 9 10

RI 0.00 0.00 0.58 0.9 1.12 1.24 1.32 1.41 1.46 1.49

with n = 3, RI = 0.58.
We calculate the consistency ratio and check its value to make sure that the original preference

ratings were consistent (<0.1). A consistency rate of less than 10%, in general, is considered consistent
and satisfactory [43].

Finally, we calculate the weight for the criteria and the pairwise matrix. The weighted score or
preferences of the criteria are obtained by multiplying the weight vector and the score matrix [41] and
choose the highest score judgments.

To sum up, for the selectivity analysis, once criteria were selected, weighted scores for criteria
were obtained. Then, thanks to the Weighted Overlay tools in ARCTool box, the cells of input raster
were multiplied by their corresponding weights for roads, elevation, and flooding areas in order to
establish a suitability map. The final site score ranks from most to least suitable could be reviewed
on a detailed map with the best, good, medium, not good, and worst locations. Those criteria were
analyzed in Arcgis Spatial analyst tools, Euclidean distance and Surface Analysis, and Slope function.
Each of the criteria maps was converted to a raster form. Then, they were reclassified on a scale from 1
to 5, using the Reclassify Tool in ArcMap, which refers to the best, good, medium, not good, and worst
values for biogas plant construction. After that, the Weighted Overlay Tool was used to carry out the
spatial overlay of the maps.

3.1.3. Final Suitability Analysis

A final suitability map is determined based on a combination of restriction and selectivity Analyses
by using the Times function in Spatial Analysis tools.

3.2. Cluster Analysis

In cluster analysis, we first identify if there are any cluster patterns by using spatial statistic tools,
analyzing patterns toolsets, and spatial autocorrelation functions. In this case, we measured spatial
autocorrelation based on feature locations and attribute values using the Global Moran’s I statistic.

This tool evaluates whether the pattern expressed is clustered, dispersed, or random. When the
z-score or p-value indicates statistical significance, a positive Moran’s I index value indicates a tendency
toward clustering while a negative Moran’s I index value indicates a tendency toward dispersion.
Secondly, we identify distances where features have a neighbor by using utility tool sets with the
calculation of distance bands from the neighbor count. This will help us find the average distance
where a neighbor will be found.

Thirdly, identify the scale of the maximized cluster by using the analyzing patterns toolset.
This will answer the question “Is there any incremental spatial autocorrelation?” Peaks can be identified
as the distance band or threshold for hot spot analysis in mapping clusters.

Lastly, Hot Spot Analysis in the Mapping Clusters toolset is used to perform cluster analysis
to identify the locations of statistically significant hot spots and cold spots using the Getis-Ord Gi*
statistic. It visualizes the cluster locations and extent (hot spots/cold spots). The Gi_Bin field identifies
statistically significant hot and cold spots regardless of whether or not the FDR correction is applied.
Features in the +/−3 bins reflect statistical significance with a 99% confidence level; features in the
+/−2 bins reflect a 95% confidence level; features in the +/−1 bins reflect a 90% confidence level. In this
study, only feature equal and more than +2 (95% confidence level) was selected for consideration.

When the cluster analysis was done, a map of spatially significant farm clusters with a high
density of potential biogas production is made. In the next step, the final suitability map and cluster
map are intersected to show suitable areas with the location of selected high density farms. Based on
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the calculated capacity of each farm for biogas generation within the same clusters in the intersected
map, scenarios can be designed and proposed to identify the optimal location, number, and size of
proper biogas plants.

3.3. Potential Biogas Capacity and Greenhouse Gas Emissions Calculation

Potential biogas capacity is calculated basing on the methane generation from collected pig manure
at farms. The formula follows the Revised 1996 and 2006 IPCC Guidelines on National Greenhouse
Gas Inventories [44] (Equations (S1)–(S3), Supplementary Materials S1).

Depending on the collection rate of pig manure, the potential methane is estimated differently.
Then energy generated from available pig manure is calculated thanks to the heating value of natural
gas and methane content. Finally, the capacity of biogas plants from available swine manure in the
case study is estimated based on the productivity of an average biogas plant operation time in a year
with the assumption that 90% of pig manure is collected for an anaerobic digester. The total capacity of
strong spatial farms within the same cluster is estimated by summing up to become the recommended
biogas plants.

Improper or the lack of appropriate management of large amounts of pig manure has caused
serious adverse environmental impacts including GHG emissions especially methane and nitrous oxide.
Within this research, among others, the focus will be on the potential reduction of GHG emissions (CH4

and N2O) compared to current pig farming practices including the mitigation of nationally produced
electricity. The remaining 10% uncollected pig manure is a threat and may release CH4 and N2O into
the atmosphere and the soil.

Nitrous oxide emissions from manure management are estimated by using IPCC default
values with N-excretion/intake values and manure management system usage data (Equation (S4),
Supplementary Materials S1).

Avoided carbon dioxide emissions from electricity generation from biogas are also considered in
the environmental benefits of this study because this electricity will replace conventional electricity
production in Vietnam. Avoided carbon dioxide emissions from electricity generation from biogas by
replacing conventional electricity production per year can be calculated based on average emission for
electricity production from biogas plants (Equation (S5), Supplementary Materials S1).

Finally, net GHG emissions from decomposing manure and replacing conventional electricity
production per year are calculated with a combination of 10% of methane and nitrous oxide emissions
from uncollected pig manure and avoided carbon dioxide emissions from electricity generation from
biogas (Equation (S6), Supplementary Materials S1).

4. Results and Discussion

4.1. Restriction Map

This study applied some conditions for restriction analysis, including road networks, railways,
waterways, rivers, land use (forest, buildings, resident area, park, historical areas), airports, buildings,
hotels with concrete requirements, that have been done to make a restriction map for biogas development
in Hanoi. The detailed restriction maps with those necessary different layers are shown with examples
in Supplementary Materials S2.

Figure 5 is the overall restriction map, which combines the layer overlap to obtain a map with
restricted and available areas.

From the map, we can see that the available areas are located in the North and West of Hanoi,
where most rural areas with lower population density and public services and activities are located.
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4.2. Weight for Selectivity Analysis’s Criteria Identified by the AHP Analysis

The AHP calculation process including the normalization of the matrix, calculation of average
value and consistency index, and consistency ratio (CR) are followed based on Microsoft Excel.
The CR values of judgments were less than 0.1, therefore the judgments of the pairwise comparison
were consistent.

For the calculation process, there are four matrices set up based on the discussion with stakeholders
and experts on biogas production. The first three matrices were used to compare among three
alternatives including road, elevation, and flood area. The last matrix was set up to compare
among criteria.

For the criteria of (i) collection efficiency, (ii) safety, (iii) cost minimization, a scale for sitting
biogas plants for roads, elevation, flood areas, after solving the matrix, is listed under “Weights” in
Table 3. Similarly, weights for criteria are obtained with a set of collection efficiency, safety, flood areas.
The weight of a criterion to compare with other criterion was calculated in the “Average” column of
the second table for each criterion in Supplementary Materials S3.

Table 3. Weights preferences for suitability analysis.

Criteria Collection Efficiency Safety Cost Minimization

Road 0.687728938 0.073772 0.685294118

Elevation 0.234432234 0.282839 0.093382353

Flood Area 0.077838828 0.643389 0.221323529

Weighted preferences 0.298126 0.069401 0.632473
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The overall priority scale is synthesized by multiplying as follows:
0.687729 0.073772 0.685294
0.234432 0.282839 0.093382
0.077839 0.643389 0.221324

 ×


0.298126
0.069401
0.632473

 =


0.64358
0.148581
0.207839


Therefore, the final priority of 0.64358 for road network proximity, followed by distance from

flood area (0.207839) and elevation (0.148581) was determined. The detailed AHP analysis process is
presented in Supplementary Materials S3.

4.3. Suitability Map

After calculation thanks to Weighted Overlay tools in ARCTools box with the weights for three
alternatives including roads, elevation and rivers are 64%, 15%, and 21%, respectively, the model
builder for suitability analysis is illustrated in Supplementary Materials S4.

The suitability map is modeled with five levels including the best, good, medium, not good,
and the worst areas (Figure 6).Resources 2020, 9, x FOR PEER REVIEW  14 of 26 
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Figure 6. Suitability Map.

It is clear that the available areas that are considered as best, good, and medium obtained from
the final suitability map are located in the north, east, and west of Hanoi where the areas have an
appropriate land slope and a suitable distance to connect to road networks and avoid flooding risks.
The other unsuitable areas are in the western south of Hanoi.
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4.4. Final Suitability Map

The Restriction Map and Suitability Map are combined into the final suitability map, eliminating all
existing purposes using the area and considering important influencers on selecting locations for
proper biogas plants such as elevation, roads, and rivers. Using the Times tools in ARCTools box to
analyze, the combination can be seen in the Final Suitability Map (Figure 7).Resources 2020, 9, x FOR PEER REVIEW  15 of 26 
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Figure 7. Final Suitability Map in Hanoi for sitting biogas plants.

All the restricted zones and suitable zones are identified in the final suitability map. Suitable zones
include the best, good, medium, not good, and the worst area. The best, good, and medium zones are
considered suitable to use for building biogas plants whereas other zones are unsuitable. The final
suitability map is used for integration with cluster analysis and scenario designs in this study.

4.5. Map of Optimal Locations of High-Density Pig Farms

The study applied Cluster Analysis using Arcgis 10.6 to identify the optimal location for sitting
biogas plants in Hanoi.

The distance at which any farm had at least one neighbor was calculated using the utility function
“Calculate the Distance Band from neighbor count”. The maximum distance was found at 4991.7 m.
The study then applied the Incremental Spatial autocorrelation in the analyzing patterns function to
identify what scale the cluster is maximized. As shown in Figure 8, the peak was reached at 5 km.
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Hot Spot Analysis (GETIS-ORD GI) was applied and gave results of a map with a high density
of pig farms in Hanoi with a distance band of 5 km. As a result, there were 495 farms with a strong
spatial correlation (Figure 9).Resources 2020, 9, x FOR PEER REVIEW  17 of 26 

 
Figure 9. Hot Spot Analysis of pig farms in Hanoi. 

4.6. Proposed Scenarios in the Study Area 

After getting a map of optimal locations of high-density pig farms, an intersection of this map with the 
final suitable map was made. Based on the available number of pigs per farm, the potential biogas capacity 
of each farm was calculated based on the mathematic formulation in 3.3 with the assumption that 90% of 
pig manure is collected for an anaerobic digester. The results helped us estimate the total capacity of strong 
spatial farm clusters by summing up to become the recommended biogas plants. 

According to [45], biogas plants with a power capacity of 250 kW or more are still an attractive 
investment and economically viable. Therefore, biogas plants with a size below 250 kW capacity were not 
taken into consideration in this study. Farms in clusters with a strong spatial correlation identified as the 
results of Cluster Analysis and generating a power capacity of 250 kW or higher were selected for biogas 
plants. It was assumed that the biogas plants would be used for electricity generation purposes only. 

The study designed a baseline scenario and three other scenarios based on the potential capacity of pig 
farms for energy production. Scenarios 1, 2, and 3 were proposed for large, medium, and small-sized farms 
with the number of pigs per farm being more than 1600 heads, from 650 to 1600 heads, and less than 650 
heads, respectively. 

4.6.1. Baseline Scenario 

The baseline scenario is considered as a reference scenario of this research. It represents the current 
situation of all the selected pig farms after clustering analysis. It means all of the pig farms discharge their 
pig manure directly to the environment such as in pastures/ranges/paddocks daily and it is spread as 

Figure 9. Hot Spot Analysis of pig farms in Hanoi.



Resources 2020, 9, 133 16 of 24

By selecting a Gi_Bin value of more than 1 we obtained a map of optimal locations of high-density
pig farms with 95% confidence. It was possible to reduce the number of potential farms from 495
to 96 farms with a strong spatial correlation. This step helped to identify the farms with the highest
potential for installing biogas plants and feasibility on transportation cost.

4.6. Proposed Scenarios in the Study Area

After getting a map of optimal locations of high-density pig farms, an intersection of this map with
the final suitable map was made. Based on the available number of pigs per farm, the potential biogas
capacity of each farm was calculated based on the mathematic formulation in 3.3 with the assumption
that 90% of pig manure is collected for an anaerobic digester. The results helped us estimate the total
capacity of strong spatial farm clusters by summing up to become the recommended biogas plants.

According to [45], biogas plants with a power capacity of 250 kW or more are still an attractive
investment and economically viable. Therefore, biogas plants with a size below 250 kW capacity were
not taken into consideration in this study. Farms in clusters with a strong spatial correlation identified
as the results of Cluster Analysis and generating a power capacity of 250 kW or higher were selected
for biogas plants. It was assumed that the biogas plants would be used for electricity generation
purposes only.

The study designed a baseline scenario and three other scenarios based on the potential capacity of
pig farms for energy production. Scenarios 1, 2, and 3 were proposed for large, medium, and small-sized
farms with the number of pigs per farm being more than 1600 heads, from 650 to 1600 heads, and less
than 650 heads, respectively.

4.6.1. Baseline Scenario

The baseline scenario is considered as a reference scenario of this research. It represents the
current situation of all the selected pig farms after clustering analysis. It means all of the pig farms
discharge their pig manure directly to the environment such as in pastures/ranges/paddocks daily and
it is spread as fertilizers and in ponds, water channels surrounding the pig farms, sewer channels,
anaerobic lagoons, etc. without any treatment and utilization for the generation of renewable
energy from pig manure. Therefore, in this scenario, there is no biogas plant and all GHGs from pig
manure mostly CH4 and N2O completely emits into the natural environment without any treatment.
This scenario is the baseline which can be compared to determine the net GHG emissions with
other scenarios.

4.6.2. Scenario 1

The first scenario is designed to promote large-scale farms to generate electricity for local demand.
After applying the intersection analysis and capacity estimation, we found two possible clusters with
potential biogas enough for installing biogas plants (Figure 10) with a capacity of 1218–1350 kW
per year, meeting 1.06% and 0.59% of the local electricity demand [46] for the Son Tay and Thach That
districts, respectively in 2025. Details of farming clusters in scenario 1 are presented in Supplementary
Materials S5. With the total number of pigs being 89,500 heads, the total power generation capacity in
a year of scenario 1 is 2568 kW.
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4.6.3. Scenario 2

The second scenario is designed to promote medium-scale farms. After intersection analysis and
capacity calculation, three clusters were found. However, only two clusters with a capacity of more
than 250 kW per year were considered, the other one with a capacity of less than 250 kW per year was
taken out of the analysis. Therefore, for scenario 2, there are two potential biogas plants with capacities
of 476 and 363 kW per year in the Son Tay and Thach That districts, respectively (Figure 11). They can
meet 0.416%, 0.159% of the electricity demand of those two districts in 2025. Details of farming clusters
in scenario 2 are presented in Supplementary Materials S6. With a pig number of 29,225 heads, the total
power generation capacity in a year of scenario 2 is 839 kW.
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4.6.4. Scenario 3

The third scenario is designed to promote small scale farms. After intersection analysis and
capacity estimation for pig farms, a total of three clusters were obtained. Only one cluster with a
capacity of 308 kW was considered. The other two more clusters were removed because the potential
capacities were less than 250 kW. Therefore, for scenario 3, there is one possible biogas plant with
a capacity of 308 kW in Son Tay (Figure 12). It can meet 0.269% of the electricity demand of the
Son Tay district in 2025. Detailed information on the farming clusters in scenario 3 is presented in
Supplementary Materials S7. With the pig number of 10,747 heads, the total power generation capacity
in a year of scenario 3 is 308 kW.

In total, there are two possible biogas plants with a capacity of more than 1 MW and three with
a capacity of more than 250 kW. From the results, it could be observed that there are possibilities to
meet the electricity demand of the Son Tay and Thach That districts by 1.75% and 0.76%, respectively,
for three scenarios in 2025. The possibilities for reducing GHG emissions are also calculated below.
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4.7. GHG Emissions Comparision

The baseline scenario is designed with GHG emissions from the current farming situation and
not using electricity from the national grid. The full 100% of CH4 and N2O emissions are estimated
based on the equations in Section 3.3. As a result, in the baseline scenario, the amount of CH4 and
N2O emissions are 52,863; 14,108 tons of carbon dioxide equivalent (CO2 eq)/year respectively. In total,
the baseline scenario emits 66,971 tons of CO2 eq/year.

For scenarios 1, 2, and 3, with the assumption that 90% of pig manure is collected for an anaerobic
digester, it means that the remaining 10% of untreated manure releases GHG emissions (CH4 and N2O)
to the atmosphere. Therefore, 10% of the CH4 and N2O emissions were calculated. Also, avoided CO2

emission from electricity generation from biogas plants in scenarios was estimated. Based on the
equations in Section 3.3, the GHG calculation results are shown in Table 4.
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Table 4. Summary of results of four scenarios.

Baseline Scenario * Scenario 1 **
(Large Scale Farm)

Scenario 2 **
(Medium Scale Farm)

Scenario 3 **
(Small Scale Farm)

Number of pig (head) 129,472 89,500 29,225 10,747

Collection rate (%) 0 90 90 90

Number of Plants - 2 2 1

Plant ≥ 250 kW - 0 2 1

Plant ≥ 500 kW - 0 0 0

Plant ≥ 1MW - 2 0 0

CH4 emissions (ton CO2 eq/year) a 52,863 3654 1193 439

N2O emissions (ton CO2 eq/year) b 14,108 975 318 117

Total power generation (kWel) - 2568 839 308

Avoided CO2 emission from electricity
generation from biogas plants (ton/year) c - −16,936 −5532 −2034

Net GHG emission from manure
decomposition and electricity power
generation from biogas (ton CO2 eq/year)

66,971 −12,307 −4021 −1478

a Calculations were based on Equation (S1), Supplementary Materials S1. Emission factors for manure management
are referred to as 408.3 kg CO2 eq/head/year [11] based on the guidelines for calculating baseline farms’ pig manure
stored in anaerobic conditions of the UNFCCC (AMS-III.D, version 16). b Calculations were based on Equation (S4),
Supplementary Materials S1. N2O emits into the environment (pastures/ranges/paddocks/paddy fields as fertilizers,
anaerobic lagoons, anaerobic digesters, aerobic treatment) [47]. c The estimation was made by Equation (S5),
Supplementary Materials S1with the grid emissions for electricity production from biogas generation in CO2
emissions equivalent. Only scenarios 1, 2, 3 can apply this estimation. The grid emission factor for electricity
production based on the operating margin method was referred to as 0.8795 ton/MWh [48]. * With the case of
the baseline scenario, 100% of the manure was considered for assessment of CH4 and N2O emissions into the
environment. ** With scenarios 1, 2, 3, it is assumed that only 90% of pig manure is collected for an anaerobic
digester and 10% is not collected and emits CH4 and N2O into the environment.

Scenario 1 has an amount of CH4 and N2O emissions of 3654; 975 tons of CO2 eq/year respectively.
The amount of avoided CO2 emissions from electricity generation from biogas plants is −16,936 tons of
CO2 eq/year. Therefore, the net GHG emissions of scenario 1 is −12,307 tons of CO2 eq/year.

Similarly, for scenarios 2 and 3, the net GHG emissions is −4021; −1478 tons of CO2 eq/year,
respectively. The details of the GHG calculation for scenarios 1, 2, and 3 can be referred to in
Supplementary Materials S5–S7.

The implementation of the proposed biogas plants in Hanoi could reduce GHG emissions and
provide electricity to communities. This is important since it is forecasted that in the period of 2020 to
2024, there will be a serious shortage of electricity in Vietnam due to the fact that the power transmission
infrastructure has not been completed as scheduled [49].

This study is an important step in the policy recommendations supporting local decision-makers in
Vietnam for the utilization of valuable bio-energy sources from pig manure, contributing to Nationally
Determined Contribution (NDC) with the target to reduce greenhouse gas emissions [50]. It also has
significant implications in the development of strategies for biogas development and GHG emissions
reduction from pig waste management for local communities in the area and the whole country.

Recently, Vietnam’s government has paid more attention to the environment and renewable
energy issues. National efforts are also reflected in the government’s consideration of promoting
biogas production for generating electricity as an important issue with a responsibility to greenhouse
gas emissions reduction, efficient and sustainable use of natural resources. The National Energy
Development Strategy defines the development strategy for the energy sector, including renewable
energy up to 2020 with an outlook to 2050. Accordingly, the target of increasing the renewable energy
rate is set at about 5% by 2020, and 11% by 2050. The seventh Power Development Plan (PDP 7) sets
the targets for renewable electricity to increase from 4.5% in 2020 to 6.0% in 2030 by the total system of
electricity generation and importation [51]. Along with those targets, the government of Vietnam has
issued a number of financial policies to incentivize the investment [52]. Those are the initial policies
making way for renewable resource promotion in Vietnam, however, there are still many challenges
ahead to achieve its targets.
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Experiences and lessons learned from other countries that were successful at promoting renewable
energy including biogas production and electricity generation are valuable for Vietnam. In the EU,
biogas has contributed to bio-energy production with a share that increased from 2.7% in 2005 to 7.8%
in 2015 and has grown at its highest pace in the bio-energy sector in the last decade [53]. The EU also
accounted for 72.5% (58 GWh) of the global electricity generation from biogas in 2014. The success
of the increase in renewable energy production is attributed to the more than 200 incentives put in
place including the use of manure [54]. China also introduced financial support and improvement of
biogas service systems to boost the number of newly built biogas units in every province after 2003.
Many solutions including providing direct investment and encouraging international cooperation were
taken such as an international carbon trade system [55]. Those experiences could provide guidelines
for Vietnam in promoting biogas production and boost electricity generation.

5. Conclusions

This research applied suitability analysis and the AHP for the optimization of the spatial
distribution and amount of the potential biogas production from pig manure by taking into consideration
different variables, in order to identify suitable locations for biogas plants. The method developed in
this research work is based on a combination of statistical and spatial methods. The approach was
applied in Hanoi.

The study analyzed and identified the optimum number, location, and scale of biogas plants with
their potential biogas production from pig manure in Hanoi. Based on cluster analysis, three scenarios
of grouping different feedstock sources were proposed. The result shows that for scenario 1 with
large-scale farms, there are two possible biogas plants with a capacity of 1218 and 1350 kW in the Son
Tay and Thach That districts, respectively. For scenario 2 with medium-scale farms, there are two
potential biogas plants with a capacity of 476 and 363 kW in the Son Tay and Thach That districts,
respectively. For scenario 3 with small-scale farms, there is one possible biogas plant with a capacity of
308 kW in Son Tay. The results could help meet the electricity demand of Son Tay, Thach That district
by 1.75% and 0.76%, respectively, for 2025 with utilization from approximately 8% of the total pig
number in Hanoi.

The GHG emissions reduction from developing biogas plants is also meaningful. In detail, net GHG
emissions of scenarios 1, 2, and 3 are −12,307; −4021; and −1478 tons of CO2 eq/year, respectively,
while scenario 0 brings 66,971 tons CO2 eq/year of net GHG emissions. The GHG emissions gap between
those scenarios is 84,777 tons of CO2 eq/year.

The results of the study highlight the importance of identifying not only the potential amount
of biogas at nearby spatial clusters but also identifying the optimum locations, number, and scale
of biogas plants that would be able to meet the electricity demand in Hanoi rural areas as well as
contribute to GHG emissions reduction. This could be a viable alternative to meet future electricity
demand in rural areas with renewable resources.

The added value of this research is to (i) highlight the importance of renewable energy resources in
GHG emissions reduction and power generation and (ii) recommend optimal options for utilization of
pig manure, which is currently poorly treated while promoting GHG emissions reduction. This research
is carried out in a case study with recommendations for building five biogas plants for three options.
This initiative could be used as a reference for similar initiatives across the country which will in turn
reduce GHG emissions even further and promote energy production from a renewable resource.

In order to do that, in future works, the authors plan to assess the biogas potential at the country
level to realize the government’s targets regarding renewable energy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-9276/9/11/133/s1,
Supplementary Materials S1: Potential biogas capacity and greenhouse gas emission calculations. S2: Examples of
restriction maps. S3: AHP process analysis. S4: Model calculation for suitability weight. S5: Calculations for
Scenario 1. S6: Calculations for Scenario 2. S7: Calculations for Scenario 3.

http://www.mdpi.com/2079-9276/9/11/133/s1


Resources 2020, 9, 133 22 of 24

Author Contributions: K.M.D. conceived and designed the study. K.M.D. and H.Y. conducted the research
analysis, evaluation, and wrote the paper. T.M. gathered and co-analyzed data. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to express our appreciation for the suggestions and comments of
professors and lab friends for improving the quality of our paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dzung, N.M. Pig Production and Marketing in Vietnam. Available online: https://www.fftc.org.tw/htmlarea_
file/activities/20140314102754/CR2Dr.NguyenManhDung.pdf (accessed on 18 May 2020).

2. Top 10 Pork-Producing Countries-Pork Checkoff. Available online: https://www.pork.org/facts/stats/u-s-
pork-exports/top-10-pork-producing-countries/ (accessed on 18 May 2020).

3. Department of Livestock Production. Report on Current Situation of Pig Production in 2018 (Vietnamese);
Ministry of Agriculture and Rural Development of Vietnam: Hanoi, Vietnam, 2018.

4. Hinh, N.T. Program on Integrated Livestock Waste Management (LCASP Projects). Available online: http://lcasp.
org.vn/vi/news/chuong-trinh-quan-ly-chat-thai-chan-nuoi-tong-hop-cua-du-an-lcasp-501.html (accessed on
27 April 2020).

5. Cassou, E.; Tran, D.N.; Nguyen, T.H.; Dinh, T.X.; Nguyen, C.V.; Cao, B.T.; Jaffee, S.M.; Ru, J. An Overview of
Agricultural Pollution in Vietnam; An Overview of Agricultural Pollution in Vietnam Summary Report 2017;
World Bank Group: Washington, DC, USA, 2017.

6. FAO-News Article: Sources of GHG Emissions by Livestock. Available online: http://www.fao.org/news/
story/en/item/197646/icode/ (accessed on 27 June 2020).

7. Jose, V.S.; Sejian, V.; Bagath, M.; Ratnakaran, A.P.; Lees, A.M.; Al-Hosni, Y.A.S.; Sullivan, M.; Bhatta, R.;
Gaughan, J.B. Modeling of Greenhouse Gas Emissions from Livestock. Front. Environ. Sci. 2016, 4, 27. [CrossRef]

8. US EPA Organization. Understanding Global Warming Potentials. Available online: https://www.epa.gov/

ghgemissions/understanding-global-warming-potentials (accessed on 27 May 2020).
9. GHG Lifetimes and GWPs. Available online: http://www.ipcc.ch/publications_and_data/publications_ipcc_

fourth_assessment_report_wg1_report_the_physical_science_basis.htm (accessed on 24 May 2020).
10. Project of Renewable Energy Support. Summary Report on Development Mechanism for Grid Connected

Bioenergy in Vietnam (Vietnamese). Available online: http://www.renewableenergy.org.vn/ (accessed on
26 June 2020).

11. UD Partnership. NAMA Proposal: Biogas for Onsite Power Generation for Medium/Large Pig Farms.
Available online: http://www.lowcarbondev-support.org/-/media/Sites/FIRM_Facilitating_Implementation_
and_Readiness_for_Mitigation/Final-Country-Reports-Phase-1/FIRM-Vietnam-Biogas-NAMA.ashx?la=

da&hash=37145779AF752C4A3C904B316753BEC2CF404741 (accessed on 28 July 2020).
12. Project on Supporting to Renewable Energy GIZ-GDE/MOIT Summary Report on Development Mechanism

of On-Grid Bioenergy in Vietnam (Vietnamese). Available online: http://gizenergy.org.vn/media/app/media/

Bao%20cao%20nghien%20cuu/Handbook_on_Bioenergy_-_VN.pdf (accessed on 9 July 2020).
13. Government of Vietnam. Vietnam Revised Power Development Plan VII for 2011–2020 Period.

Available online: https://www.evn.com.vn/d6/gioi-thieu-d/-Quy-hoach-Dien-VII-giai-doan-2011-2020--2-
10-1259.aspx (accessed on 6 May 2020).

14. Government of Vietnam. Intended Nationally Determined Contribution of Viet Nam. Available online: https:
//www4.unfccc.int/sites/ndcstaging/PublishedDocuments/VietNamFirst/VIETNAM%27SINDC.pdf (accessed on
10 July 2020).

15. Scarlat, N.; Fahl, F.; Dallemand, J.F.; Monforti, F.; Motola, V. A spatial analysis of biogas potential from
manure in Europe. Renew. Sustain. Energy Rev. 2018, 94, 915–930. [CrossRef]

16. Haase, M.; Rösch, C.; Ulrici, O. Feasibility study on the processing of surplus livestock manure into an
organic fertilizer by thermal concentration—The case study of Les Plenesses in Wallonia. J. Clean. Prod.
2017, 161, 896–907. [CrossRef]

17. Paudel, K.P.; Bhattarai, K.; Gauthier, W.M.; Hall, L.M. Geographic information systems (GIS) based model
of dairy manure transportation and application with environmental quality consideration. Waste Manag.
2009, 29, 1634–1643. [CrossRef] [PubMed]

https://www.fftc.org.tw/htmlarea_file/activities/20140314102754/CR2Dr.NguyenManhDung.pdf
https://www.fftc.org.tw/htmlarea_file/activities/20140314102754/CR2Dr.NguyenManhDung.pdf
https://www.pork.org/facts/stats/u-s-pork-exports/top-10-pork-producing-countries/
https://www.pork.org/facts/stats/u-s-pork-exports/top-10-pork-producing-countries/
http://lcasp.org.vn/vi/news/chuong-trinh-quan-ly-chat-thai-chan-nuoi-tong-hop-cua-du-an-lcasp-501.html
http://lcasp.org.vn/vi/news/chuong-trinh-quan-ly-chat-thai-chan-nuoi-tong-hop-cua-du-an-lcasp-501.html
http://www.fao.org/news/story/en/item/197646/icode/
http://www.fao.org/news/story/en/item/197646/icode/
http://dx.doi.org/10.3389/fenvs.2016.00027
https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
http://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_wg1_report_the_physical_science_basis.htm
http://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_wg1_report_the_physical_science_basis.htm
http://www.renewableenergy.org.vn/
http://www.lowcarbondev-support.org/-/media/Sites/FIRM_Facilitating_Implementation_and_Readiness_for_Mitigation/Final-Country-Reports-Phase-1/FIRM-Vietnam-Biogas-NAMA.ashx?la=da&hash=37145779AF752C4A3C904B316753BEC2CF404741
http://www.lowcarbondev-support.org/-/media/Sites/FIRM_Facilitating_Implementation_and_Readiness_for_Mitigation/Final-Country-Reports-Phase-1/FIRM-Vietnam-Biogas-NAMA.ashx?la=da&hash=37145779AF752C4A3C904B316753BEC2CF404741
http://www.lowcarbondev-support.org/-/media/Sites/FIRM_Facilitating_Implementation_and_Readiness_for_Mitigation/Final-Country-Reports-Phase-1/FIRM-Vietnam-Biogas-NAMA.ashx?la=da&hash=37145779AF752C4A3C904B316753BEC2CF404741
http://gizenergy.org.vn/media/app/media/Bao%20cao%20nghien%20cuu/Handbook_on_Bioenergy_-_VN.pdf
http://gizenergy.org.vn/media/app/media/Bao%20cao%20nghien%20cuu/Handbook_on_Bioenergy_-_VN.pdf
https://www.evn.com.vn/d6/gioi-thieu-d/-Quy-hoach-Dien-VII-giai-doan-2011-2020--2-10-1259.aspx
https://www.evn.com.vn/d6/gioi-thieu-d/-Quy-hoach-Dien-VII-giai-doan-2011-2020--2-10-1259.aspx
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/VietNamFirst/VIETNAM%27SINDC.pdf
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/VietNamFirst/VIETNAM%27SINDC.pdf
http://dx.doi.org/10.1016/j.rser.2018.06.035
http://dx.doi.org/10.1016/j.jclepro.2017.05.207
http://dx.doi.org/10.1016/j.wasman.2008.11.028
http://www.ncbi.nlm.nih.gov/pubmed/19136245


Resources 2020, 9, 133 23 of 24

18. Sliz-Szkliniarz, B.; Vogt, J. A GIS-based approach for evaluating the potential of biogas production from
livestock manure and crops at a regional scale: A case study for the Kujawsko-Pomorskie Voivodeship.
Renew. Sustain. Energy Rev. 2012, 16, 752–763. [CrossRef]

19. Venier, F.; Yabar, H. Renewable energy recovery potential towards sustainable cattle manure management
in Buenos Aires Province: Site selection based on GIS spatial analysis and statistics. J. Clean. Prod.
2017, 162, 1317–1333. [CrossRef]

20. Zareei, S. Evaluation of biogas potential from livestock manures and rural wastes using GIS in Iran. Renew.
Energy 2018, 118, 351–356. [CrossRef]

21. Höhn, J.; Lehtonen, E.; Rasi, S.; Rintala, J. A Geographical Information System (GIS) based methodology for
determination of potential biomasses and sites for biogas plants in southern Finland. Appl. Energy 2014, 113, 1–10.
[CrossRef]

22. Perpiña, C.; Martínez-Llario, J.C.; Pérez-Navarro, Á. Multicriteria assessment in GIS environments for siting
biomass plants. Land Use Policy 2013, 31, 326–335. [CrossRef]

23. Silva, S.; Alçada-Almeida, L.; Dias, L.C. Biogas plants site selection integrating Multicriteria Decision Aid
methods and GIS techniques: A case study in a Portuguese region. Biomass Bioenergy 2014, 71, 58–68.
[CrossRef]

24. Akinci, H.; Özalp, A.Y.; Turgut, B. Agricultural land use suitability analysis using GIS and AHP technique.
Comput. Electron. Agric. 2013, 97, 71–82. [CrossRef]

25. Laasasenaho, K.; Lensu, A.; Lauhanen, R.; Rintala, J. GIS-data related route optimization, hierarchical
clustering, location optimization, and kernel density methods are useful for promoting distributed bioenergy
plant planning in rural areas. Sustain. Energy Technol. Assess. 2019, 32, 47–57. [CrossRef]

26. Yalcinkaya, S. A spatial modeling approach for siting, sizing and economic assessment of centralized biogas
plants in organic waste management. J. Clean. Prod. 2020, 255, 120040. [CrossRef]

27. Ali, M.M.; Ndongo, M.; Bilal, B.; Yetilmezsoy, K.; Youm, I.; Bahramian, M. Mapping of biogas production
potential from livestock manures and slaughterhouse waste: A case study for African countries. J. Clean. Prod.
2020, 256, 120499. [CrossRef]

28. Valenti, F.; Porto, S.M.C.; Dale, B.E.; Liao, W. Spatial analysis of feedstock supply and logistics to establish
regional biogas power generation: A case study in the region of Sicily. Renew. Sustain. Energy Rev. 2018, 97, 50–63.
[CrossRef]

29. Sahoo, K.; Mani, S.; Das, L.; Bettinger, P. GIS-based assessment of sustainable crop residues for optimal siting
of biogas plants. Biomass Bioenergy 2018, 110, 63–74. [CrossRef]

30. Abdelrahman, M.A.E.; Natarajan, A.; Hegde, R. Assessment of land suitability and capability by integrating
remote sensing and GIS for agriculture in Chamarajanagar district, Karnataka, India. Egypt. J. Remote Sens.
Space Sci. 2016, 19, 125–141. [CrossRef]

31. Sorda, G.; Sunak, Y.; Madlener, R. An agent-based spatial simulation to evaluate the promotion of electricity
from agricultural biogas plants in Germany. Ecol. Econ. 2013, 89, 43–60. [CrossRef]

32. Chrips, N.R.; Razafindrabe, B.H.N.; Williams, B.C.; Vinod, R.T. A GIS-based study on the estimation of
fixed atmospheric CO2 in tropical tree biomass from Neyyar Wildlife Sanctuary, South India. Ann. GIS
2019, 25, 337–346. [CrossRef]

33. Singleton, A. A GIS approach to modelling CO2 emissions associated with the pupil-school commute. Int. J.
Geogr. Inf. Sci. 2014, 28, 256–273. [CrossRef]

34. Park, Y.S.; Szmerekovsky, J.; Dybing, A. Optimal Location of Biogas Plants in Supply Chains under Carbon
Effects: Insight from a Case Study on Animal Manure in North Dakota. J. Adv. Transp. 2019, 2019, 1–13.
[CrossRef]

35. Thanh, B. Farm Production in Hanoi: Increase Sizes and Quality (Vietnamese)-Hanoimoi News. Available
online: http://nhachannuoi.vn/chan-nuoi-trang-trai-o-ha-noi-tang-quy-mo-chat-luong/ (accessed on 1 May
2020).

36. Drobne, S.; Lisec, A. Multi-attribute decision analysis in GIS: Weighted linear combination and ordered
weighted averaging. Informatica 2009, 33, 459–474.

37. Thompson, E.; Wang, Q.; Li, M. Anaerobic digester systems (ADS) for multiple dairy farms: A GIS analysis
for optimal site selection. Energy Policy 2013, 61, 114–124. [CrossRef]

38. Chukwuma, E.; Chukwuma, G.; Orakwe, L. GIS Suitability Analysis for Anaerobic Treatment Facility for
Slaughter Houses in Anambra State of Nigeria. Arch. Curr. Res. Int. 2016, 4, 1–10. [CrossRef]

http://dx.doi.org/10.1016/j.rser.2011.09.001
http://dx.doi.org/10.1016/j.jclepro.2017.06.098
http://dx.doi.org/10.1016/j.renene.2017.11.026
http://dx.doi.org/10.1016/j.apenergy.2013.07.005
http://dx.doi.org/10.1016/j.landusepol.2012.07.014
http://dx.doi.org/10.1016/j.biombioe.2014.10.025
http://dx.doi.org/10.1016/j.compag.2013.07.006
http://dx.doi.org/10.1016/j.seta.2019.01.006
http://dx.doi.org/10.1016/j.jclepro.2020.120040
http://dx.doi.org/10.1016/j.jclepro.2020.120499
http://dx.doi.org/10.1016/j.rser.2018.08.022
http://dx.doi.org/10.1016/j.biombioe.2018.01.006
http://dx.doi.org/10.1016/j.ejrs.2016.02.001
http://dx.doi.org/10.1016/j.ecolecon.2013.01.022
http://dx.doi.org/10.1080/19475683.2019.1664632
http://dx.doi.org/10.1080/13658816.2013.832765
http://dx.doi.org/10.1155/2019/5978753
http://nhachannuoi.vn/chan-nuoi-trang-trai-o-ha-noi-tang-quy-mo-chat-luong/
http://dx.doi.org/10.1016/j.enpol.2013.06.035
http://dx.doi.org/10.9734/ACRI/2016/26600


Resources 2020, 9, 133 24 of 24

39. Alami Merrouni, A.; Elwali Elalaoui, F.; Mezrhab, A.; Mezrhab, A.; Ghennioui, A. Large scale PV sites
selection by combining GIS and Analytical Hierarchy Process. Case study: Eastern Morocco. Renew. Energy
2018, 119, 863–873. [CrossRef]

40. Berisa, G.; Birhanu, Y. Municipal Solid Waste Disposal Site Selection of Jigjiga Town Using GIS and Remote
Sensing Techniques, Ethiopia. Int. J. Sci. Res. Publ. 2015, 5, 1–16.

41. Saaty, R.W. The analytic hierarchy process-what it is and how it is used. Math. Model. 1987, 9, 161–176.
[CrossRef]

42. Khwanruthai, B. How to Do AHP Analysis in Excel; University of Tsukuba: Tsukuba, Japan, 1 March 2012.
Available online: http://giswin.geo.tsukuba.ac.jp/sis/gis_seminar/How%20to%20do%20AHP%20analysis%
20in%20Excel.pdf (accessed on 1 May 2019).

43. Moutinho, L.; Hutcheson, G.; Beynon, M.J. Analytic Hierarchy Process. In The SAGE Dictionary of Quantitative
Management Research; SAGE Publications Ltd.: Thousand Oaks, CA, USA, 2014; pp. 9–12.

44. IPCC. Chapter 10: Emissions from livestock and manure management. IPCC Guidelines for National
Greenhouse Gas Inventories, Prepared by the National Greenhouse Gas Inventories Programme.
Available online: https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_10_Ch10_Livestock.
pdf (accessed on 21 July 2020).

45. Zambon, I. Costs-Benefits Analysis of A Small-Scale Biogas Plant and Electric Energy Production. Bulg. J.
Agric. Sci. 2017, 23, 357–362.

46. Hanoi People Committee. Decision on Approving the Detailed Planning of Medium-Voltage Grid
Development after 110 kV Stations of the Hanoi City Electricity Development Plan 2016–2025, with a
Vision to 2035 (Vietnamese). 2017. Available online: http://congthuong.hanoi.gov.vn/Upload/Content/
FileAttach/1222_02242017.pdf (accessed on 18 May 2020).

47. IPCC. Chap 4 Agriculture. Good Practical Guidance and Uncetyainty Mngt in National GHG Inventories.
Available online: https://www.ipcc-nggip.iges.or.jp/public/gp/english/4_Agriculture.pdf (accessed on
3 February 2020).

48. Murun, T.; Louhisuo, M.; Takahashi, K. IGES List of Grid Emission Factors. Available online: https:
//www.iges.or.jp/en/pub/list-grid-emission-factor/en (accessed on 27 May 2020).

49. Long, N. Orientation of Vietnam’s National Energy Development Strategy from the Perspective
of Experts (Vietnamese). Available online: http://m.icon.com.vn/vi-VN/c631/160322/Dinh-huong-
Chien-luoc-phat-trien-nang-luong-quoc-gia-cua-Viet-Nam-duoi-goc-nhin-chuyen-gia.aspx?fbclid=

IwAR2TGrvXkKTsqpNvfOLXHBqrNSuk2zcOJgB5rgGdYJ39-C43zr5UxHuDRLk (accessed on 18 May 2020).
50. Government of Vietnam. Updated Nationally Determined Contribution of Vietnam. Available online: https:

//www4.unfccc.int/sites/ndcstaging/PublishedDocuments/VietNamFirst/VietNam_NDC_2020_Eng.pdf
(accessed on 26 July 2020).

51. Exploring Biogas Market-Opportunities in Vietnam. Available online: https://www.slideshare.net/Jupiter276/

giz2011-enexploringbiogasmarketopportunitiesvietnam?from_action=save (accessed on 24 August 2020).
52. Embassy of Vietnam in Denmark. Vietnam Energy Outlook Report. Available online: https://vietnam.um.dk/

en/green-growth/vietnam-energy-outlook-report/ (accessed on 27 May 2020).
53. Scarlat, N.; Dallemand, J.F.; Fahl, F. Biogas: Developments and perspectives in Europe. Renew. Energy

2018, 129, 457–472. [CrossRef]
54. Banja, M.; Jégard, M.; Motola, V.; Sikkema, R. Support for biogas in the EU electricity sector—A comparative

analysis. Biomass Bioenergy 2019, 128, 105313. [CrossRef]
55. Gu, L.; Zhang, Y.X.; Wang, J.Z.; Chen, G.; Battye, H. Where is the future of China’s biogas? Review, forecast,

and policy implications. Pet. Sci. 2016, 13, 604–624. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.renene.2017.10.044
http://dx.doi.org/10.1016/0270-0255(87)90473-8
http://giswin.geo.tsukuba.ac.jp/sis/gis_seminar/How%20to%20do%20AHP%20analysis%20in%20Excel.pdf
http://giswin.geo.tsukuba.ac.jp/sis/gis_seminar/How%20to%20do%20AHP%20analysis%20in%20Excel.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_10_Ch10_Livestock.pdf
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_10_Ch10_Livestock.pdf
http://congthuong.hanoi.gov.vn/Upload/Content/FileAttach/1222_02242017.pdf
http://congthuong.hanoi.gov.vn/Upload/Content/FileAttach/1222_02242017.pdf
https://www.ipcc-nggip.iges.or.jp/public/gp/english/4_Agriculture.pdf
https://www.iges.or.jp/en/pub/list-grid-emission-factor/en
https://www.iges.or.jp/en/pub/list-grid-emission-factor/en
http://m.icon.com.vn/vi-VN/c631/160322/Dinh-huong-Chien-luoc-phat-trien-nang-luong-quoc-gia-cua-Viet-Nam-duoi-goc-nhin-chuyen-gia.aspx?fbclid=IwAR2TGrvXkKTsqpNvfOLXHBqrNSuk2zcOJgB5rgGdYJ39-C43zr5UxHuDRLk
http://m.icon.com.vn/vi-VN/c631/160322/Dinh-huong-Chien-luoc-phat-trien-nang-luong-quoc-gia-cua-Viet-Nam-duoi-goc-nhin-chuyen-gia.aspx?fbclid=IwAR2TGrvXkKTsqpNvfOLXHBqrNSuk2zcOJgB5rgGdYJ39-C43zr5UxHuDRLk
http://m.icon.com.vn/vi-VN/c631/160322/Dinh-huong-Chien-luoc-phat-trien-nang-luong-quoc-gia-cua-Viet-Nam-duoi-goc-nhin-chuyen-gia.aspx?fbclid=IwAR2TGrvXkKTsqpNvfOLXHBqrNSuk2zcOJgB5rgGdYJ39-C43zr5UxHuDRLk
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/VietNamFirst/VietNam_NDC_2020_Eng.pdf
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/VietNamFirst/VietNam_NDC_2020_Eng.pdf
https://www.slideshare.net/Jupiter276/giz2011-enexploringbiogasmarketopportunitiesvietnam?from_action=save
https://www.slideshare.net/Jupiter276/giz2011-enexploringbiogasmarketopportunitiesvietnam?from_action=save
https://vietnam.um.dk/en/green-growth/vietnam-energy-outlook-report/
https://vietnam.um.dk/en/green-growth/vietnam-energy-outlook-report/
http://dx.doi.org/10.1016/j.renene.2018.03.006
http://dx.doi.org/10.1016/j.biombioe.2019.105313
http://dx.doi.org/10.1007/s12182-016-0105-6
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Study Area 
	Materials and Methods 
	Suitability Analysis 
	Restriction Analysis 
	Selectivity Analysis 
	Final Suitability Analysis 

	Cluster Analysis 
	Potential Biogas Capacity and Greenhouse Gas Emissions Calculation 

	Results and Discussion 
	Restriction Map 
	Weight for Selectivity Analysis’s Criteria Identified by the AHP Analysis 
	Suitability Map 
	Final Suitability Map 
	Map of Optimal Locations of High-Density Pig Farms 
	Proposed Scenarios in the Study Area 
	Baseline Scenario 
	Scenario 1 
	Scenario 2 
	Scenario 3 

	GHG Emissions Comparision 

	Conclusions 
	References

