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Preface to ”Environmental Planning and Modeling”

The focus of this Special Issue reprint book is environmental planning and modeling. Planning

is critical in the effective management of the environment and its natural resources. The management

of natural resources requires the evaluation of alternative options and selecting those that are optimal.

A systemic view of the environment is taken in this Special Issue to ensure that models presented to

manage the environment consider the multi-faceted nature of our natural environment as a system.

The rise in the consumption and exploitation of the Earth’s finite and limited resources requires

that we adopt measures that are sustainable by changing our practices and seeking alternative

substitutes. An increase in consumption is often fueled by increasing demands and growing

population rates. To meet these demands, production has significantly increased over the years.

This increase in production often requires the exploitation of energy and water resources, and

land. Consequences abound as we continue to claim more land to build on, thus affecting natural

biodiversity, which ultimately impacts the food chain. Deforestation is a problem in many countries

as we continue to use forest reserves without measures to replace them. The energy demands to

produce the items we consume encourage the use of fossil fuels. These activities lead to the generation

of carbon and other greenhouse gases that affect the Earth’s atmosphere. Thus, climate change is now

more difficult to mitigate as we seek ways to adapt to it. There are also risks associated with our

unsustainable activities, such as health hazards, the depletion of resources for future generations,

and our inability to cope with climate change.

It is imperative that we take actions that address how we can live in a sustainable world. Such

actions require that we develop effective plans to evaluate every available option, apply life cycle

assessments in a systemic framework, and make decisions and policies that are supportive of a

sustainable environment. Environmental planning enables us to adapt to the needs of our dynamic

and changing world and avoid the risks, high costs, and irreparable losses that are associated with

poor environmental practices. Modeling of proven effective practices is necessary to standardize the

planning framework while still offering an adaptable framework that can be used in situation-specific

areas.

The articles in this special edition have already been published online, but are worthy of greater

circulation and exposure. The country-specific applications in this book can offer insight into how

the models could be adapted in other areas. These articles are summarized in the editorial. The

articles present potential areas for future research. They are also useful for application and practice

orientation. It is our hope that other researchers can expand on the views espoused in this book.

The book will, therefore, be of interest to researchers, students of sustainability and environmental

management, policy planners, and decision makers.

Christian N. Madu

Editor
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Editorial

Editorial on Environmental Planning and Modeling

Christian N. Madu 1,2

1 Department of Management & Management Science, Lubin School of Business, Pace University, 1 Pace Plaza,
New York, NY 10038, USA; cn_madu@yahoo.com or cmadu@pace.edu

2 Center for Environmental Management & Control, University of Nigeria, Enugu
Campus, Nsukka 410001, Nigeria

The aim of this Special Issue is to facilitate environmental decision making by con-
sidering the natural environment, as well as social, political, economic, and governance
issues. This holistic approach of the natural environment around achieving sustainability
offers a win–win for both society and the environment. It is therefore imperative that
models developed as decision-supports to enhance environmental policy and decision
making consider the vital influences of socio-economic, political, and governance issues in
effective decision/policy making. This is even more important as concerns about climate
change, food security, and resources limitations are linked with increasing population
growth in developing countries. Our focus here was to solicit research papers that are
systemic in scope and yet integrative of these factors; building a framework to consider
these factors, developing novel methods or models, or applying existing models may be
carried out to solve any of the environmental management problems. Many of the models
available in the areas of mathematics, statistics, engineering, management, and social
sciences have been found useful in solving an array of multi-faceted problems and are
equally applicable in solving environmental problems. Specifically, papers that address
optimization, or “satisficing” techniques to solve problems in the areas of environmental
planning, resources allocation, biodiversity, and ecology, were of great interest to address
some of the world’s most pressing environmental problems. We successfully sought papers
that may be conceptual, application-based, or theoretical.

The Special Issue presents five major papers that were published, each with uniqueness
and contributions to the field of environmental planning and management. The views and
models articulated in these articles can be beneficial in solving some of the environmental
problems that confront the world today. This editorial summarizes the conclusions of
our Special Issue which was highly successful. All the published papers have policy
implications and are easier to read and interpret without losing the scientific component.
It is our hope that the ideas espoused here will find wider applications in solving these
important environmental problems. We aimed to address macro-environmental problems
by understanding that environmental issues interface and interact with other subsystems
on Earth. Environmental problems cannot be addressed by looking only at a problem
as independent of all other subsystems that it interacts with. Some of the work has also
attempted to draw parallels with sustainability development goals.

In this editorial, we shall briefly discuss the contributions of the five published papers
in this Special Issue. We shall follow the sequence of publication by starting from the first
published article to the last.

Shi, K., Zhou, Y., and Zhang, Z., in their article titled “Mapping the Research Trends
of Household Waste Recycling: A Bibliometric Analysis”, considered household waste
recycling as a major cause of municipal solid waste pollution. They reviewed the status and
mapped the research trend of research in household waste recycling published in the Web of
Science database from 1991–2020. A bibliometrix analysis of these publications was carried
out to identify the top contributing authors, countries, institutions, and journals. They note
that most of the influential and well-cited articles focused on factors influencing residents’
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recycling behavior. Recycling behavior is viewed primarily from an sociopsychology and
economics perspective. However, research in house waste recycling now includes other
areas such as e-waste, source separation, life cycle assessment, sustainability, organic waste,
and circular economy. These studies are increasingly becoming interdisciplinary, thus
suggesting a systemic view of household waste recycling.

The article is very informative and shows an exponential growth rate in the number of
publications on household waste recycling from 1991 to 2020. This growth rate signifies the
growing interest in this research field and may very well align with the growing concerns of
the general society about climate change and the resultant effects of pollution (see Figure 1
of the paper). China, the United Kingdom, and the USA seem to be the leading countries
in terms of research, based on the number of citations of work in this area. This may also
suggest growing environmental consciousness and awareness, and also represents the
growing, and concerning, volume of waste in those countries. Interestingly, none of the
developing countries appear to be on the top ten list and only China and Japan appear from
the Asian countries. More awareness is required to solve household waste problems. Al-
though the number of publications and citations may not be indicative of the environmental
burden in a country, it may show the level of awareness and environmental consciousness.
Then again, the database that was used may affect the number of publications that may
be obtainable from the different countries. We understand the fact that the Web of Science
is the leading database for quality research, but this may not necessarily cover some of
the local publications that exist in many of the other countries. It is however imperative
that we make all countries understand the consequences of household waste. Research
collaborations with researchers from other countries that are not listed here may help to
promote research interests and illuminate research works in household recycling.

Nnadi, V.E., Madu, C.N., and Ezeasor, I.C., in their article titled, “A systematic tech-
nic of prioritization of biodiversity conservation in Nigeria”, developed a multi-criteria
decision model to prioritize biodiversity conservation. This model is based on the use
of analytic hierarchy process (AHP)—a multicriteria decision-making model. A group of
biodiversity experts in the country was used to rank the three biodiversity conservation ap-
proaches, namely eco-system-, area-, and species-based approaches. The result showed the
high performance of countries using eco-system-based approaches, followed by area-based
and species-based approaches, respectively. The priorities developed were subsequently
applied in resource allocation modeling. The research identifies areas for performance gap
in the country and offers a policy-making approach for allocating limited resources to solve
biodiversity conservation problems. This paper introduced management techniques and
operational research models that can be used to address biodiversity problems. Although
it is focused on a particular country, it has wider application since the frameworks and the
model approaches presented can be applied in different settings.

Nantasaksiri, K., Charoen-amornkitt, P., Machimura, T., and Hayashi, K. titled their
paper “Multi-Disciplinary Assessment of Napier Grass Plantation on Local Energetic, Envi-
ronmental and Socioeconomic Industries: A Watershed-Scale Study in Southern Thailand”.
They investigated the potentials of using Napier grass in power generation in Southern
Thailand. Napier grass is supposedly an energy crop that has far-reaching impacts on
energy, environment, and socioeconomic features. A soil and water assessment tool (SWAT)
is used to investigate its impacts on runoff, sediment, and nitrate loads in Songkhla Lake
Basin (SLB), Southern Thailand. The results obtained show that Napier grass decreased
the average surface runoff and sediment in the watershed. These results were applied in a
multidisciplinary framework for decision support. It is shown that Napier grass provides
benefits to hydrology and water quality when nitrogen fertilizers were applied at the levels
of 0 and 125 kgN ha−1. Conversely, benefits in terms of reducing energy supply, farmer’s
income, and carbon dioxide were highest when 500 kgN ha−1 of nitrogen fertilizer was
applied. The paper concludes that the planting of Napier grass should be supported to
increase energy supply; provide jobs; and reduce surface runoff, sediment yield, nitrate
load, and carbon dioxide emission. The findings of this research are of particular impor-
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tance, especially as we aim to decrease the demand on fossil fuel for energy consumption.
Napier grass is a renewable source of energy. It is clean and sustainable and can contribute
in reducing the generation of carbon dioxide, thereby helping to reduce global warming.
While biogas energy generated from organic matters may release carbon in generating
power, they are carbon-neutral, as crops also absorb the same amount of carbon during
their growth. This is, however, not the only benefit of biogas as they also have higher yields
and shorter life cycles. This ensures a stable fuel supply. This study should encourage an
exploration of other organic matters and renewable resources, in terms of their efficiency in
replacing, substituting, or reducing the use of fossil fuels.

H. Jiang and Y. He, in their paper titled “Evaluation of Optimal Policy on Environ-
mental Change through Green Consumption”, explored the association between green
consumption and sustainable economic growth. They looked at the demand side of green
consumption and how to use it to design an environmental policy package, in order to
achieve economic growth and optimal social allocation. Using mathematical models, they
concluded that: (1) green consumption does not necessarily have to be supply-side-driven
to improve the environment; (2) green consumption driven by the demand side is bet-
ter than the supply side in improving the environment and increasing the social welfare;
(3) environmental change is more efficient when the environmental policy package includes
green consumption. It is important to note that production activities that drive the economy
will impact both the environment and social welfare. It is therefore significant to investigate
the demand-side policy, which is exemplified by green consumption, and compare it to
the supply-side policy, exemplified by green production on how they influence and/or are
associated with environmental changes and social welfare.

Koo, J., Kim, J., Ryu, J., Shin, D.-S., Lee, S., Kim, M.-K., Jeong, J., and Lim, K.-J., in
“Development of Novel QAPEX Analysis System Using Open-Source GIS”, developed an
Agricultural Policy/Environmental eXtender (APEX) interface that uses an open-source-
based GIS software to simulate water quality impacts on various management practices
for local farming activities. This model provides opportunities for farm/small watershed
management and for local farmers, especially in developing countries, since there is no
fee payment to use the interface. This new interface is also more flexible than the existing
interface that requires paid license subscription. Furthermore, it can simulate hydrology
and water quality with considerable precision. This model also presents visual output,
making it easier to interpret simulation results. The open source model may also be used to
derive data for sustainable agricultural practices and to develop effective policies on the
different agricultural farming practices.

This Special Issue presents five different articles that took different approaches to
address sustainability issues from planning and modeling perspectives. These articles are
holistic in their considerations and are multidisciplinary as they adopt modeling approaches
from other areas of learning, especially from management. They also emphasize the need
to serve as decision support for policy and decision making. It is worth noting that to
address the issues of sustainability and climate change, which are crucial in environmental
planning and modeling, we must be cognizant of human involvement and the different
worldviews that may inform such policies and decisions. The papers offer policy guidelines
and framework, making the outcomes easier to implement. These articles address some
of the complex issues in environmental planning and modeling. However, they are not
exhaustive. Rather, they provide a stepping-stone for more work on developing approaches
that can help to address these important problems. We do not necessarily need to start from
scratch or reinvent the wheel. We can borrow from existing knowledge and models, and
also take advantage of the multidisciplinary nature of environmental issues. We should also
view the environment as a system that interacts with other systems and strive to develop a
systemic approach to problem solving. The issues raised here are thought-provoking and
aim to solve some crucial existing problems. The insights gained here could be used to
solve other problems and to develop effective implementation plans. Ongoing research
and future studies are required to continue to explore environmental problems and/or
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climate change issues from a holistic perspective, while considering other stakeholders to
develop an efficient and effective solution.

Funding: This research received no external funding.

Conflicts of Interest: The author declared no conflict of interest.
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Article

Evaluation of Optimal Policy on Environmental Change
through Green Consumption

Haiwei Jiang 1 and Yiyao He 2,*

1 School of International Trade and Economics, Central University of Finance and Economics,
Beijing 102206, China; hwjiang.work@gmail.com

2 School of Economics, Hangzhou Normal University, Hangzhou 311121, China
* Correspondence: heyiyao@zju.edu.cn

Abstract: This paper explores the relationship between green consumption and the environment
from a new perspective of green consumption on the demand side. This paper further investigates
how to design an environmental policy package to achieve optimal social allocation. The results
show that: first, green consumption can still improve the environment without supply-driven policy;
second, demand-driven environmental change is better than supply-driven change in improving
the environment and increasing social welfare; and third, a policy package which includes green
consumption is more efficient.

Keywords: green consumption; environmental change; environmental regulation; social welfare

1. Introduction

The relationship between economic growth and environmental change has always
been an important issue in environmental economics. The environment provides ex-
haustible natural resources which are input into the production of nearly all goods, and
thereby makes excellent contributions to sustainable economic growth [1,2]. Widespread
industrialization and rapid economic development have seen the emergence of environ-
mental problems—e.g., air pollution, global warming, and deforestation—which have
influenced people’s lives. In order to cope with these challenges, international organiza-
tions and many countries started to enact environmental policies to enhance environmental
efficiency, increasing the sustainability of economic development [3]. An increasing number
of people have shifted their purchase behavior towards being more environment-friendly
and sustainable in the last few years. This paper categorizes environmental policies into
demand-side policies (i.e., green consumption) and supply-side policies (i.e., green produc-
tion), investigating how these two types of policies affect environmental change.

This paper develops a two-sector endogenous growth general equilibrium model (e.g.,
clean goods and non-clean goods) by incorporating environment evolvement. Following
prior work, we study the relationship between economic growth and environmental change
based on the heterogeneity of production, which can be clean or non-clean [4,5]. On the
basis of market clearing conditions in the equilibrium, we conduct numerical analysis to
quantitatively estimate the effects of green consumption and green production on envi-
ronmental and social welfare. Furthermore, we show the path of optimal allocation by
comparing impulse response between the decentralized equilibrium and social planner
equilibrium. Finally, we analyze the mechanism of demand-side and supply-side environ-
mental policies impacting the equilibrium, and illustrate the optimal policy package.

This paper relates to the literature on environmental regulation, green production,
and green consumption. Economic growth will inevitably lead to environmental disasters
without the government’s environmental policies [4,6]. On the one hand, some studies
argue that the government can mainly achieve environmental improvement by implement-
ing supply-side environmental policies, such as environmental taxes, emission reduction

Sustainability 2022, 14, 4869. https://doi.org/10.3390/su14094869 https://www.mdpi.com/journal/sustainability5
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subsidies, emission charges [4,6,7]. These policies are able to secure a transition to green
production, thereby slowing down the potential increases in pollution. On the other hand,
the resource-intensive lifestyle of human beings has been regarded as one of the leading
causes of environmental degradation [8]. Environmental policies aim to tackle environmen-
tal problems through encouraging consumers to adopt environmentally friendly behaviors,
including using renewable energy and clean products [9]. Additionally, there is also some
research studying the social welfare effects of environmental policies. These papers indi-
cate that social welfare can be improved by implementing environmental subsidies or tax
policies [10,11].

This paper also relates to the literature on green consumption and environmental
change. The promotion of clean goods consumption can help to reduce some types of
pollutants significantly [12]. For example, the utilization of renewable energy sources
has a significant impact on environmental sustainability by decreasing air pollution [13].
Many studies find that green consumption improves the quality of the environment [14–18].
In addition, some research estimates the transformation path of consumption structure
in different countries, and finds that the upward trend of transformation toward green
consumption patterns significantly reduces pollution [19,20].

Compared with most existing macroeconomic literature which focuses on supply-side
environmental regulation, this paper pays particular attention to demand-side environmen-
tal policies by profoundly studying the effect of green consumption on the environment,
as well as the optimal package of governmental environmental policy to maximize social
welfare. This paper shows that green consumption on the demand side can lead to envi-
ronmental improvement. Furthermore, rather than enforcing supply-side environmental
regulation alone, a policy package which includes green consumption is more efficient. This
paper enriches the research on economic growth and environmental change, and provides
meaningful policy implications for realizing sustainable economic development.

The rest of the paper is organized as follows. Section 2 constructs a two-sector endoge-
nous growth general equilibrium model to study the decentralized equilibrium with green
consumption. Section 3 is the numerical simulation. Section 4 is the extension, in which we
further study the social planer equilibrium and the environmental policy package that can
achieve the optimal social allocation. Section 5 concludes the paper.

2. Model: Decentralized Equilibrium

This section constructs a two-sector general equilibrium model. In the model, the
representative household provides labor to obtain income and consumes clean and non-
clean goods. The representative firms are completely competitive and can be divided into
clean (c) and non-clean (d) parts where c is short for clean firm and d is short for dirty
(non-clean) firm. They input capital and labor for production. Non-clean production has a
negative impact on the environment. See Appendix A for detailed model construction and
calculation process.

3. Quantitative Analysis

3.1. Calibration

There are three sets of calibrated parameters in Table 1. The first set is {α, β, η, δ, ξ, ε}.
Based on previous studies [21], set capital share α = 0.5 which means that the output
elasticity of capital is 1/2, subjective discount factor β = 0.995 implying that the yearly
interest rate is about 3%, inverse Frisch elasticity η = 2 which implies a Frisch elasticity of
labor supply of 0.5, and depreciation rate δ = 0.025 corresponds to an average 10% annual
capital depreciation rate. Parameters ξ and ε are calibrated strictly following [4]’s method,
which yields ξ = 2.46 and ε = 0.001. This means that the initial temperature of simulation
is defined as 1.31 ◦C, and when the temperature rises to 6 degrees centigrade, there will
be an environmental disaster (for more details, please see [4]). The standard deviation
(S.D.) of shocks, {ρj

at,ε
j
at,ρφ,εφt} are calibrated in the conventional sense. Persistence is equal

to 0.9, and the standard deviation is set to 0.1, which means that the shock is moderate
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in this model, and the main results are not brought on by a strong exogenous shock.
The third set is the steady-state of cd/yd. Among the eight categories of consumption
expenditures published by the Chinese National Bureau of Statistics, four (food, clothing,
household equipment supplies and maintenance services, and housing) belong to non-
clean consumption, and their direct carbon emission indexes are higher than the overall
average [20,22]. Therefore, based on the data on GDP per capita and per capita consumption
expenditure of urban residents from the first quarter of 2005 to the fourth quarter of 2018,
the ratio equals 36.45%. With the steady-state of cd/yd, this model can be better fitted into
data in the following quantitative analysis.

Table 1. Parameter calibration.

Parameters Value Description

α 0.5 Capital share
β 0.995 Subjective discount factor
η 2 Inverse Frisch elasticity
δ 0.025 Depreciation rate
ξ 2.46 Environment disruption parameter
ε 0.001 Environment self-healing parameters

ρ
j
at 0.9 Persistence of TFP shock

ε
j
at 0.1 S.D. of TFP shock

ρφ 0.9 Persistence of clean consumption demand shock
εφt 0.1 S.D. of clean consumption demand shock

cd/yd 0.3645 Steady-state of non-clean consumption to non-clean output
Data source: Chinese National Bureau of Statistics.

3.2. Impulse Responses and Welfare Analysis

This part shows the impulse responses in Figure 1. According to Equations (A4) and
(A5), when facing a positive clean-consumption demand shock, the household’s demand
for clean consumption increases rapidly, while the demand for non-clean consumption
decreases relatively. Therefore, the former presents the positive impulse response, while
the latter shows the negative. When the consumption structure transforms gradually to
the clean side, both input and output of the non-clean (clean) firm decrease (increase). It
is worth noting that according to Equation (A14), the impulse response of environment is
positive, which means that the rising demand for clean products leads to environmental
changes. In other words, even without the government’s environmental policies, green
consumption can still promote environmental improvement.

This paper compares “demand-driven” and “supply-driven” environmental changes,
and shows the economic implications. Figures 2 and 3 show the respective impulse
responses when the government executes a subsidy (tax) from supply side.

Figures 2 and 3 show that the subsidy (tax) to the clean (non-clean) firm increases labor
input and output of the clean sector, while the non-clean sector decreases correspondingly.
This result is caused by the government’s environmental policies. Due to the production
change, the household’s demand for non-clean consumption decreases, while the demand
for clean consumption increases. The environment improves. However, it is different from
the demand-driven environmental change in Figure 1. First, when facing the same-size
shock, the impulse responses of two types of consumption in Figure 1 is significantly larger
than those in Figures 2 and 3. It means that the demand-driven force can directly influence
the consumption goods market; in particular, the demand-driven force increases more clean
demand and has a greater impact on the macroeconomy. Second, when facing the same-size
shock, the impulse responses of the two types of outputs in Figure 1 are significantly larger
than those in Figures 2 and 3. As proportional subsidy or tax distorts the relative price of
two types of consumption, it correspondingly affects (distorts) outputs in supply-driven
cases. Third, the environmental improvement in Figure 1 is significantly greater than those
in Figures 2 and 3. Therefore, the result shows that demand-driven green consumption

7
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has a greater impact on economic fluctuations and environmental change; that is, the
demand-driven environmental improvement performs better than the supply-driven.

 
Figure 1. Impulse response (demand-driven).

Figure 2. Impulse response (supply-driven, subsidy).
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Figure 3. Impulse response (supply-driven, tax).

Furthermore, this paper studies the welfare effects of both demand-driven and supply-
driven environmental change. The welfare under the benchmark policy regime is denoted
by Vb; Ci

dt,C
i
ct and Ni

ht are the endogenous variables under different supply-driven cases.
Welfare gains are calculated as the percentage decrease in consumption in perpetuity under
each regime, such that the representative agent is indifferent between living under each
regime [21]. The welfare gains are measured by Δ and satisfy log(1− Δ) = (Vb − Va)/(1−
β), where Va is the social welfare under any other case. Thus,

E
∞

∑
t=0

βt

⎡
⎣log Ci

dt(1 − Δ) + φt log Ci
ct − ϕ

(
Ni

ht
)1+η

1 + η

⎤
⎦ = Vb

Table 2 shows that under both supply-driven cases, most variables fluctuate more, and
social welfare decreases. When the government provides subsidy or tax to the firms, there
is a distortion in the relative price of two types of consumption, which affects the firms’
decisions on outputs and the household’s consumption decisions. The distortion causes
welfare losses. Therefore, combining the impulse responses and Table 2, this paper finds
that demand-driven green consumption will lead to better environmental improvement
(change) in both environmental change and social welfare. Even if there is no government
policy intervention, economic growth will not lead to environmental disasters.

9
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Table 2. Macroeconomic stability and welfare analysis.

Demand-Driven
Supply-Driven

(Subsidy)
Supply-Driven

(Tax)

S.D. of non-clean consumption 0.0380 0.0429 0.0470
S.D. of clean consumption 0.1866 0.1807 0.1873

S.D. of labor supply 0.0212 0.0213 0.0210
S.D. of non-clean capital 0.0653 0.0703 0.0782

S.D. of clean capital 0.1978 0.1917 0.2009
Welfare gains (%) - −0.31 × 10−3 −0.14 × 10−3

Note: Social welfare in this paper is calculated by the Taylor first-order approximation of utility function [21].

4. Extension

4.1. Comparison of Two Equilibria

A natural question is whether the above decentralized equilibrium is the first best,
and if not, what kind of environmental policy the government should adopt. Therefore,
this paper solves the social planner problem where j ∈ {c, d} in Appendix B.

This section reports the impulse response comparison between the decentralized
and social planner equilibrium in Figure 4. First, when facing the same demand shock
φt, clean consumption in social planner equilibrium increases more. Second, during the
transformation of consumption structure, both the input and output of non-clean (clean)
firm decrease (increase). Considering the negative impact of non-clean output on the
environment from Equation (A21), non-clean output decreases more in the social planner
equilibrium. Third, the impulse response of environment improvement is larger in the
social planner equilibrium. It is consistent with the theoretical analysis above because social
planners will take the negative environmental effects of non-clean output into account when
allocating resources. Hence, Figures 1–4 show that the government can achieve the optimal
allocation and accelerate environment improvement at the same time by environmental
policy of green consumption. This paper uses log-linearization and only imposes a small
standard deviation. Thus, the impulse response value is small, but this does not affect the
main mechanism.

Table 3 further justifies that welfare in social planner equilibrium is higher. This
result verifies the conclusion of the theory. This is because, according to the equation
λdt − ξωt = μdt = p̂dt, the price ratio of both types of consumption goods expands from
pct/pdt to pct/(pdt − ξωt) in social planner equilibrium. Meanwhile, the relative value of
non-clean products becomes lower, which will inhibit the production of non-clean firm and
contribute to the expansion of clean sector in the general equilibrium. Therefore, this paper
argues that decentralized equilibrium is not the optimal social allocation. The government
needs to regulate the economy in decentralized equilibrium, optimize the allocation of
social resources, and improve the environment to the first best.

Table 3. Economic fluctuations and welfare analysis.

Decentralized Equilibrium Social Planner Equilibrium

S.D. of non-clean consumption 0.0380 0.0413
S.D. of clean consumption 0.1866 0.1983

S.D. of labor supply 0.0212 0.0173
S.D. of non-clean capital 0.0653 0.0834

S.D. of clean capital 0.1978 0.2145
Welfare gains (%) - 6.21 × 10−4
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Figure 4. Impulse response (comparison).

4.2. Discussion on the Optimal Policy

The above social planner equilibrium depicts the optimal distribution. Corresponding
with this reality, this paper will ask how the government can achieve the first best in the
decentralized equilibrium through environmental policies. In order to answer this question,
this paper must again clarify that the fundamental reason for the difference between
decentralized equilibrium and social planner equilibrium lies in the different price ratio
of clean and non-clean consumption goods. That is, the decentralized equilibrium can be
equivalent to social planner equilibrium as long as pct/pdt is expanded to pct/(pdt − ξωt).
This means that considering the wedge of output to environment is the key to optimizing
resource allocation in the decentralized equilibrium.

This section summarizes the environmental policy packages in Table 4, which can make
the relative price pct/pdt→pct/(pdt − ξωt). It can be seen from Table 4 that environmental
policy packages can be divided into two categories according to “whether it includes green
consumption (demand side) or not”. In case I-1, assume the government only subsidizes
clean consumption by sc

c to achieve the optimal allocation by moving the demand curve of
clean goods outward to increase clean consumption, which yields sc

c =
ξωt

1−ξωt
. In case I-2, if

the government subsidizes clean consumption and clean output by sc
c and sc respectively

by moving the demand curve and supply curve of clean goods outward at the same time,
then the two rate sc

c and sc satisfy the equation (1 + sc
c)(1 − sc) =

1
1−ξωt

. In case I-3, if the
government subsidizes clean consumption by sc

c and levies environmental tax on non-clean
output by τI , the demand curve of clean goods is moved outward and the supply curve of
non-clean output is moved inward as tax τI decreases non-clean firm’s production. In this
case, we find that the two rates must follow 1+sc

c
1−τI

= 1
1−ξωt

. Similarly, in case II-1, when the
government only levies environmental tax on non-clean output by τI I , the supply curve of
non-clean output is pushed inward as τI I suppresses non-clean output. By simple algebra,
we get τI I = ξωt. In addition, if the government levies environmental tax on non-clean
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output by τI I and subsidizes clean output by sc, the two rates are in the relationship of
1−sc
1−τI I

= 1
1−ξωt

. The non-clean output supply curve moves inward to decrease output by
tax τI I , and at the same time, the clean output supply curve moves outward to increase
production by subsidy sc. If sc = 0, it shows that “II-1” is a special case of “II-2“.

In Table 4, the main result shows that the regulation efficiency of environmental policy
containing green consumption is higher. Because “II-1” is a special case of “II-2 (when
sc = 0)”, this paper can analyze the regulation efficiency of two types of policies by com-
paring “I-3” and “II-2” directly. Facing the same social optimal target, it is clear to see
in Table 4 that 1 − τI > 1 − τI I ⇔ τI < τI I . It means the tax rate with green consumption
policy is lower, and the distortion of proportional tax on resource allocation is also smaller.
Therefore, the policy regulation containing green consumption is more efficient, and the
government should strengthen its support for green consumption. This result comple-
ments the literature which argues that government can mainly achieve environmental
improvement by implementing supply-side environmental policies, such as environmental
taxes, emission reduction subsidies, and emission charges [4,6,7]. This paper suggests
demand-side policy which emphasizes green consumption can achieve higher efficiency
and welfare gains.

We also find that as the environmental wedge ξωt rises, subsidies for green consump-
tion should also increase. In the case of “I-1”, sc

c = ξωt/(1 − ξωt) is a monotonic increasing
function of ξωt. That is, when the cost of environmental damage ξωt increases, the subsidy
for green consumption should also be strengthened to achieve optimal social distribution.
In addition, in the cases of “I-2” (sc

c,sc) and “I-3” (sc
c,τI), there is a scientific trade-off be-

tween policies of demand-side and supply-side. Specifically, there is a significant positive
correlation between subsidizing clean consumption sc

c and subsidizing clean output sc,
and there is a significant negative correlation between subsidizing green consumption sc

c
and levying environmental tax τI on non-clean output. This is because the greater the
subsidy for clean consumption sc

c, the higher the household demand for clean consumption
goods and output in the general equilibrium. Therefore, the subsidy for clean output sc
will also increase. While the subsidy for clean consumption sc

c is greater, the environmental
regulation on the demand side can well raise the relative price pct/pdt. At this time, the
punishment of the supply side for non-clean output τI can be appropriately relaxed, and
the social distribution can still be optimal. These results extend the supply-side literature
on environmental change, and enrich the policy implication of environmental regulation.
The government has many options to regulate environment when considering the trade-off
between green consumption (demand-side) and environmental taxes (supply-side) instead
of being limited to only supply-side policies as most macroeconomic papers did.

Table 4. The optimal environmental policy package.

Policy Value Mechanism

I: with green
consumption

I-1: only subsidize clean consumption
by sc

c
sc

c =
ξωt

1−ξωt

The demand curve of clean goods moves
outward to increase its consumption.

I-2: subsidize clean consumption by sc
c+

subsidize clean output by sc
(1 + sc

c)(1 − sc) =
1

1−ξωt

The demand curve and supply curve of
clean goods move outward at the same

time.

I-3: subsidize clean consumption by sc
c+

environmental tax on non-clean output
by τI

1+sc
c

1−τI
= 1

1−ξωt

The demand curve of clean goods moves
outward and the supply curve of
non-clean output moves inward.

II: no green
consumption

II-1: only environmental tax on
non-clean output by τI I

τI I = ξωt

The supply curve of non-clean output
moves inward to suppress its output

incentive.

II-2: environmental tax on non-clean
output by τI I+ subsidize clean output by

sc

1−sc
1−τI I

= 1
1−ξωt

The non-clean output supply curve moves
inward to reduce the output, and at the

same time moves the clean output supply
curve outward to stimulate production.

Note: If only the clean output is subsidized, the relative price pct/pdt will decrease by moving the clean output
supply curve outward with other conditions unchanged. Although this policy can increase clean output and
improve environmental quality, the result is not the first best.
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4.3. Discussion of the Results

With the improvement of living standards, people’s awareness of environmental
protection is strengthened. They are increasingly interested in green products and are keen
on green consumption. Green production and developing green markets have become new
trends in the 21st century.

For example, the Chinese government has been encouraging green consumption, sub-
sidizing green production and levying taxes on non-clean output. The government attaches
great importance to promoting new energy vehicles and has successively issued a series of
policies, including financial subsidies, exemption from vehicle purchase tax, and increasing
loans, which have promoted the consumption of new energy vehicles. Moreover, the gov-
ernment imposes punitive taxes on air pollutants, water pollutants, solid waste emissions,
and noise [23]. With the reform of China’s urban heating system, the development and uti-
lization of new energy, the adjustment of industrial structure, and the return of farmland to
forests, China’s carbon emissions have decreased significantly [24–26]. As China’s regional
development is unbalanced, policies should be adjusted to local conditions [27,28].

On the demand side, the term “green consumers” refers to those consumers who
care about the ecological environment and have purchase intention for green products.
They have green consciousness and have or may transform green consciousness into
green consumption behavior. The Chinese government subsidizes green consumption
directly as promotion. On the supply side, there were 50 categories of 200 million green
basket commodities on Alibaba’s online retail platform in 2015 (the term “green basket
commodities” refers to the collection of commodities with three green attributes of “capital
saving and energy saving, environment-friendly, and health quality”), most of which are
subsidized by the government. The consumption of green basket accounts for 11.5% of
Alibaba’s retail platform, and the compound annual growth rate over the past five years
has exceeded 80%.

By analyzing the shopping behavior of 400 million consumers on the Alibaba China
retail platform, the Alibaba Research Institute found that the online population in line with
the characteristics of green consumers reached 65 million, accounting for 16% of the active
users of Taobao, an increase of 14 times in the last four years. The release of green consumer
demand is bound to better guide green supply and promote supply side reform. Besides,
according to the analysis of the consumption frequency of green basket commodities, in
the past five years, heavy green consumers (with an average annual consumption of more
than 20 times) have significantly expanded, increasing from 19.4% in 2011 to 28.4% in 2015.

In 2015, the Alibaba online retail platform reduced the emission of about 30 million
tons of carbon dioxide by saving energy and material consumption, which is equivalent
to adding forests the size of Poyang Lake in China. The water-saving products sold on
the platform can save water for 13 days in Beijing every year. The annual power saving of
energy-saving products can be used for 25 days in Beijing. The environmentally friendly
packaging products sold on the platform can reduce the consumption of plastic bags
and convert them into oil, which can be used by Beijing taxis for 62 days. In 2016, the
comprehensive utilization of waste textiles in China was 3.6 million tons, which could save
4.6 million tons of crude oil and 270,000 hectares of cultivated land. The energy-efficient air
conditioners, refrigerators, washing machines, and water heaters sold in China in 2017 can
save about 10 billion kwh of electricity annually, which is equivalent to reducing 6.5 million
tons of carbon dioxide, 14,000 tons of sulfur dioxide, 14,000 tons of nitrogen oxides, and
11,000 tons of particulate matter. All of these actions promote the environment.

5. Conclusions

The relationship between the environment and the macroeconomy is always a heated
issue. The literature mainly focuses on supply-side environmental regulation, and argues
that economic growth will not cause environmental disasters only if the government imple-
ments supply-side environmental policies. However, this paper constructs a two-sector
endogenous growth general equilibrium model to study the relationship between green
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consumption and the environment from a new demand-driven perspective. We find that
green consumption can promote environmental improvement without the government’s in-
tervention. Besides, demand-driven environmental change is better than the supply-driven
in improving environmental change and social welfare.

Then this paper studies the relationship between environmental regulation and the
environment in a social planer model. The results show that the welfare of decentralized
equilibrium is about 0.0006% lower at the Taylor first order approximation. Moreover,
policymakers need to optimize the allocation of social resources and improve the environ-
ment to the first best. We show that the policy package which includes green consumption
is more efficient. Specifically, the demand-side policy emphasizing green consumption
can achieve higher efficiency and welfare gains. Moreover, the government has many op-
tions to regulate environment when considering the trade-off between green consumption
(demand-side) and environmental taxes (supply-side). For example, the government can
subsidize green consumption increasing with environmental disruption and clean output,
or decreasing with environmental tax of non-clean output.

To promote sustainable economic development, policymakers should not only pay
attention to the punishment of environmental damage, but also strengthen the support for
green consumption. Overall, this paper argues for a multi-level environmental regulation
system of “green consumption and green production”, especially the support for green
consumption to promote sustainable economic development.

As this paper is most related to the theoretical framework of macroeconomy, we
follow the approach of this strand of literature [4,6,7] and assume that the representative
household is homothetic. They need to consume both clean goods that are environmental-
friendly (e.g., electric vehicles) and non-clean goods that are contaminative (e.g., paper
or coal). Because the household’s utility is an increasing function of clean goods, all the
homothetic households in this model will agree to protect the environment by consuming
more clean goods. As a result, social welfare gains due to less resource misallocation
between clean and non-clean sectors and increasing utility, besides the decreasing distortion
of proportional tax. It is verified by many empirical papers [19,20] that the upward trend
of transformation toward green consumption patterns significantly reduces pollution, and
the trend is more pronounced especially in developing countries. In this model, any
awareness program being considered for citizens to understand the green consumption
concept is included in the demand shock of clean consumption. It implies that if a program
proposes a green consumption concept, the household will be more willing to increase clean
consumption with a positive clean-consumption demand shock. We think that considering
the heterogeneous household preferences for green consumption in the model will be very
meaningful in the future. If we introduce heterogeneous household preferences, people at
all levels of society may prefer green consumption, as it reduces resource misallocation and
raises utility and social welfare at the same time. Interestingly, the government may need
to provide higher subsidy for the low-income group to encourage their green consumption.

This paper does not incorporate the associated energy use of green manufacturing and
consumption. In the model, this phenomenon is described by the pollution parameter of
non-clean firm ξ. Because different industries have different production habits and impacts
on the environment, the relative policy, such as subsidy and tax, can be differentiated.
Therefore, research discussing heterogeneous industries is also a feasible direction in the
future. This paper does not consider the impact of an open economy on green consumption
and environmental change. As the carbon emission rights can be traded across borders, the
exchange rate and capital flow can affect domestic green consumption and environmental
change through the cross-border transaction of carbon emission rights in an open economy;
this is worth carefully studying in the future.
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Appendix A. Decentralized Equilibrium

A.1. The Representative Household

The household has the utility function

Et

∞

∑
t=0

βt

[
log(Cdt) + φtlog(Cct)− ϕ

N1+η
ht

1+η

]
(A1)

where the utility weight parameter ϕ > 0 and the subjective discount factor β ∈ (0, 1), Cct
and Cdt denote the clean and non-clean consumption at t respectively, Nht denotes labor
supply. Assume φt as the demand shock of clean consumption which follows the AR(1)
process [29]

log φt = ρφ log φt−1 + εφt (A2)

The parameter ρφ ∈ (−1, 1), and εφt is i.i.d. standard normal processes.
Normalize the price of non-clean consumption to 1, denote Wt is the household income,

πt is the dividend, then the household’s budget constraint is given by

Cdt + PctCct = WtNht + πt (A3)

The household chooses {Cct,Cdt,Nht} to maximize Equation (A1) subject to Equa-
tions (A2) and (A3). The first order conditions are

1/Cdt = λt (A4)

φt/Cct = λtPct (A5)

ϕNη
ht = λtWt (A6)

where λt is the Lagrange multiplier of Equation (A3). Equation (A6) shows that wage
is equal to the marginal substitution rate of consumption and leisure, and household
purchases more clean and non-clean goods with increasing income.

A.2. The Representative Firms

Clean and non-clean firms are perfectly competitive. Firms input labor Njt and capital
Kjt to produce (j ∈ {c, d}), and denote Ajt is the total factor productivity (TFP). The
production function is

Yjt = AjtK
α
jtN1−α

jt (A7)

where α is the capital share and Ajt follows the AR(1) stochastic process

log Ajt = ρ
j
a log Aj,t−1 + ε

j
at (A8)

The parameter ρ
j
a ∈ (−1, 1), and ε

j
at is i.i.d. standard normal processes. The capital

accumulation satisfies
Kj,t+1 = (1 − δ)Kjt + Ijt (A9)
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where δ is the capital depreciation rate. The firm chooses the optimal {Kj,t+1,Njt}(j ∈ {c, d})
to maximize profit subject to Equations (A7)–(A9)

max
{Kj,t+1,Njt}

Et

∞

∑
t=0

βt λt

λ0

{
Pjt AjtK

α
jtN1−α

jt − WtNjt − Ijt

}

and the first order conditions are

1 =βEtλt+1/λt(αPj,t+1Yj,t+1/Kj,t+1+1 − δ) (A10)

(1 − α)PjtYjt = WtNjt (A11)

Equation (A10) is the Euler equation of capital, which means that the price of capital is
equal to the discounted present value of its future marginal products plus the undepreciated
capital. Equation (A11) is the labor demand function, which implies that the real wage
is equal to the marginal product of labor. Both equations mean that in the absence of
environmental policies, non-clean firm will not consider the negative output externality to
the environment.

A.3. Market Clearing Conditions and Equilibrium

In a competitive equilibrium, the goods market clearing conditions imply that

Cct = Yct (A12)

Cdt + It = Ydt (A13)

Environment St+1 evolves as

St+1 = −ξYdt + (1 + ε)St (A14)

where ξ > 0 is the pollution parameter of non-clean firm, ε is the recovery parameter of
environment, St ∈ (0, S). The labor market clearing condition implies that

Nct + Ndt = Nht (A15)

A competitive equilibrium consists of sequences of endogenous variables{
Cct, Cdt, Nht, Nct, Ndt, Ict, Idt, Kct, Kdt, Yct, Ydt, St+1

}∞
t=0, such that (i) taking the prices

{Pct, Wt} as given, the allocations solve the optimizing problems for the household and the
firms, and (ii) all markets clear.

Appendix B. Social Planner Equilibrium

This paper also solves the social planner problem where j ∈ {c, d}.

Et

∞

∑
t=0

βt

[
log(Cdt) + φtlog(Cct)− ϕ

N1+η
ht

1+η

]
,

s.t.Cct = Yct (A16)

Cdt + [Kd,t+1 − (1 − δ)Kdt + Kc,t+1 − (1 − δ)Kct] = Ydt (A17)

Yct = ActK
α
ctN1−α

ct (A18)

Ydt = AdtK
α
dtN

1−α
dt (A19)

St+1 = −ξYdt + (1 + ε)St (A20)

where Nct + Ndt = Nht, log Ajt = ρ
j
a log Aj,t−1 + ε

j
at log Ajt = ρ

j
a log Aj,t−1 + ε

j
at and

log φt = ρφ log φt−1 + εφt.
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Denote λct, λdt, μct, μdt and ωt are the Lagrange multipliers of Equations (A16)–(A20)
respectively, it is easy to get the optimal distributions are

FOC of Yct and Ydt: λct = μct = p̂ct, λdt − ξωt = μdt = p̂dt, (A21)

FOC of Cct and Cdt: φt/Cct = λct, 1/Cdt = λdt, (A22)

FOC of Nct and Ndt: ϕNη
ht= (1 − α)μjtYjt/Njt, (A23)

FOC of Kc,t+1 and Kd,t+1: λdt = βEt

[
λd,t+1(1 − δ) + αμj,t+1Yj,t+1/Kj,t+1

]
, (A24)

FOC of St: ωt = βEtωt+1(1 + ε). (A25)

Equation (A21) is the most important equation in this paper, where μct = p̂ct and
μdt = p̂dt respectively represent the shadow price of two sectors in the first best equilibrium.
Because clean production has no destructive effect on the environment, the marginal price
of clean product is equal to its marginal utility. However, in social planner equilibrium,
there is one more ξωt in the first order condition of Ydt, which means the marginal damage
cost to environment for each additional unit of non-clean output (every one more unit
Ydt will damage ξ environment in the next period). This implies that by introducing a
wedge ξωt, the government makes the marginal price of non-clean product equal to its
marginal utility minus environmental cost. Equation (A21) shows that the environmental
wedge decreases p̂dt, thus reducing the non-clean output. This is a different result from
the decentralized equilibrium in which λdt = μdt = Pdt. Because the non-clean sector
only cares about the profit maximization within the enterprise and does not consider
the damage of its output to environment, the marginal price of non-clean product is
higher than the social optimal; that is, the non-clean sector will not impose environmental
regulation on itself. Equation (A22) is the Euler equation of consumption, which means
that increasing environmental wedge will promote the increase of the relative demand
for clean product at a given price. Equations (A23) and (A24) are the standard Euler
equations of production factors. The marginal outputs of labor and capital are equal to their
respective shadow prices. Equation (A25) indicates that the shadow price of environmental
quality in the period t is equal to its discounted present value of the shadow price in the
period t + 1 after recovering (1 + ε). From Equations (A21)–(A25), it can be seen that the
decentralized equilibrium obviously does not reach social optimization. The fundamental
reason is that in the decentralized equilibrium, the production of non-clean firm does
not consider its environmental pollution cost, while the social planner cares about this
cost in the equilibrium. Therefore, in the two kinds of equilibria, the relative prices of
clean and non-clean product are different, and the relative price pct/pdt in decentralized
equilibrium is distorted. This paper will use numerical simulation in the next section to
further demonstrate this theoretical conclusion.
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Abstract: Household waste recycling has been widely considered the key to reducing the pollution
caused by municipal solid waste and promoting sustainable development. This article aims to
clarify the status and map the research trends in the field of household waste recycling. Bibliometric
analysis is performed using bibliometrix based on publications during 1991–2020 in the Web of
Science database. Results show that academic output in this field is growing rapidly. The top
contributing authors, countries, institutions, and journals are identified. Collaboration network
of authors, institutions, and countries are created and visualized. The most influential and cited
articles in this field mainly focus on factors influencing residents’ recycling behavior from the
perspectives of sociopsychology and economics. The theory of planned behavior is the most widely
used psychological model. Other research hotspots include electronic waste, source separation, life
cycle assessment, sustainability, organic waste, and circular economy. Studies on household waste
recycling have become more and more comprehensive and interdisciplinary with the evolution of
research themes.

Keywords: bibliometric analysis; bibliometrix; household recycling; research trends; science map-
ping; waste management

1. Introduction

Currently, municipal solid waste management has become one of the most critical
environmental issues in the world [1]. Environmental pollution caused by municipal solid
waste has led to health threats to residents [2]. With the continuous growth of world’s
population and the improvement of industrialization and urbanization, the problem of
waste management is expected to become more serious in the future [3]. The continuous
increase in the amount of municipal solid waste restricts the improvement of residents’
quality of life and has become an important obstacle to sustainable development [4].

Municipal solid waste includes but is not limited to household waste, industrial waste,
commercial waste, construction and demolition waste, and waste generated from schools,
hospitals, and road sweeping [5]. The majority of municipal solid waste is contributed to by
household waste [6]. Compared with other sources of waste, the composition of household
waste is more complex [7], which results in greater challenges for urban management. In
this context, promoting the recycling of household waste is critical to reduce the volumes
of waste generated, conserve natural resources, and move towards a circular economy [8].

Given that household waste recycling has become an area of increasing concern,
and related recycling schemes have been put into practice in many countries [9–13], the
amount of academic research on certain topics has increased significantly in recent years.
These studies focus on various aspects such as environmental science and technology,
sociology, psychology, and economics. Specifically, the majority of the studies focus on
factors influencing residents’ attitudes toward recycling and determinants of their recycling
behavior, as the success of household waste recycling programs depends on residents’ con-
sistently positive participation and their support for recycling policies [14]. Psychological
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factors including social norms [15], moral norms [16], environmental concern [17], recycling
habits [18], and past experience [19] have been examined and proven to have significant
influence on individual’s recycling behavior and willingness to recycle. Other studies
have emphasized the importance of objective situational factors such as the convenience
of recycling [20] and laws and regulations [21,22]. From an economic perspective, people
tend not to participate in recycling when the expected utility of recycling is not enough
to cover the cost [8]. Hence, the introduction of financial incentives could be an effective
driver for promoting recycling programs [23].

However, with the rapid increase in the number of academic publications year by year,
it is becoming increasingly difficult to keep up with the all the latest studies. Voluminous
and fragmented research streams hamper the accumulation of knowledge and empirical
evidences from previous research papers. In this case, researchers would spend excessive
time and effort when reviewing the literature, and they may still not be able to get a full
picture of a certain research field. Therefore, bibliometric methods have been developed
for structured analysis of large amounts of literature information and identification of the
research trends of an area based on the statistical measurement of scientific productions [24].
Several studies have already applied bibliometric analysis to the field of waste management.
Li et al. (2018) [25] analyzed the research trends on solid waste reuse and recycling from
1992 to 2016. Some researchers focused on specific types of municipal solid waste, such as
construction and demolition waste [26,27] and electronic waste [28,29]. Tsai et al. (2020) [30]
performed bibliometric analysis on municipal solid waste management in the context of
the circular economy. Wang et al. (2020) [31] combined bibliometrics with text-mining
and reviewed the evolution of municipal waste management. According to these existing
bibliometric studies, recycling is one of the key issues of waste management. Furthermore,
Tsai et al. [30] emphasized that the promotion and enhancement of household waste
recycling programs is a future challenge and direction, so it is essential to understand
personal recycling behaviors. Meanwhile, there is still lack of bibliometric studies focusing
on household waste recycling, as no such publications have been found.

The present study aims to map the research trends of household waste recycling based
on bibliometric approaches. Specifically, the objectives of this article are to answer the
following questions:

1. Which authors, journals, institutions, and countries have contributed the most to this
field of research?

2. How do the authors, institutions, and countries relate to and cooperate with each
other in academic research?

3. What are the most influential articles that are worth attention, and what are their
arguments?

4. What are the research hotspots in this field, and how do they evolve over time?

By filling the gaps in bibliometric analysis in the field of household recycling, it is
hoped that this article can provide a “big picture” of the field for future studies and help
researchers find topics worth studying. In the next section, the data acquisition process and
the methodology are explained in detail. Section 3 presents the results of the bibliometric
analysis, including an overview of the scientific production, collaboration network analysis,
citation analysis, and conceptual structure analysis. Section 4 presents the conclusions and
prospects for future research.

2. Materials and Methods

2.1. General Workflow

This study adopts the standard workflow for science mapping concluded by Zupic
and Cater [32], which comprises the following five stages: study design, data compilation,
data analysis, data visualization, and interpretation. The purpose of this study is to map
the research area of household waste recycling and gain insights into this area through
bibliometric analysis. Therefore, certain keywords, such as “household waste recycling”,
were identified as the search terms, and the publication database was filtered using Web of
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Science. After finishing the data collection process, the bibliometric method was adopted
to carry out a series of data analyses: general descriptive analysis, co-citation analysis,
co-word analysis, collaborative network analysis, and thematic evolution analysis. Several
scientific publication networks were established from the data and visualized for a better
understanding of the research trends. Finally, the results were interpreted and discussed.

2.2. Data Collection

In this study, Clarivate Analytics Web of Science (WoS) was chosen as the source of
bibliographic information, as it is one of the most widely utilized databases in scientomet-
rics [33–35] and provides comprehensive and detailed literature data for download [33,36].
Data was obtained from the Science Citation Index Expanded (SCI-E) and the Social
Sciences Citation Index (SSCI) databases with the search keywords “Household Waste
Recycling”. The timespan was limited to all years no later than 2020, and the inquiry
was performed on 24 February 2021. Furthermore, the search results were limited to only
English articles. As a result, a total of 1295 publications were finally returned, with the
very first one published in 1991.

Data exported from the results queried through WoS consists of the following informa-
tion: author(s), title, source, abstract, cited reference, addresses, times cited, keywords, and
cited reference count. These contents were further used as the materials for the bibliometric
analysis presented in detail in Section 3.

2.3. Bibliometric Analysis

Bibliometric analysis in this paper mainly entails descriptive analysis and network
extraction. Descriptive analysis is used to investigate the evolution of scientific production
and identify the most influential articles, authors, journals, and countries of the research
area. Network extraction is further divided into different approaches: co-citation anal-
ysis, co-author analysis, co-word analysis, and bibliographic coupling analysis. These
approaches help us map the social structure of the research community and the conceptual
structure of the field.

The R package bibliometrix 3.0.3 developed by Aria and Curulo [24], and the software
RStudio were used to perform bibliometric analysis and visualization of the results. At
present, researchers have developed numerous tools for bibliometric analysis, the most com-
monly used ones being VOSviewer [37], SciMAT [38], BibExcel [39], CitNetExplorer [40],
and CiteSpace [41]. However, many of these software do not support the complete stan-
dard workflow of science mapping [24]. Programmed in the open-source R language, the
bibliometrix package cannot only meet all the needs of the whole-process bibliometric
analysis but also integrate with other statistical R packages flexibly.

3. Results and Discussion

This section presents the results drawn from the bibliometric analysis and visualizes
the related bibliographic networks.

The data collection contains 1295 published articles from 334 journals indexed by
SCI-E and SSCI up to 2020, as well as 36,544 references cited by the articles. A total of
3362 authors contribute to the collected publications, of which most are multi-authored
articles. The majority of the publications (1048 or 80.93%) fall into the Web of Science
categories of environmental sciences (872 or 67.34%), engineering environmental (574 or
44.32%), environmental studies (191 or 14.75%), green sustainable science technology (183
or 14.13%), and economics (89 or 6.87%). In the top 5 WoS categories, 843 articles are
multidisciplinary, accounting for 80.44% of the total number.

In the following subsections, we first present a descriptive analysis of scientific pro-
duction by years, countries, authors, and journals. Some indices are also calculated as a
supplement to measure the productivity and citation impact. Then, the social structure of
the research area is mapped through collaboration analysis to show how authors, institu-
tions, and countries relate to each other. The third part of this section focuses on the most
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influential research in the field, including (1) the most cited publications in the dataset;
(2) the most cited references in the dataset, which refer to the publications cited the most
by the articles in the data collection; (3) the most local cited publications, which refer to
the publications in the data collection cited the most by other publications in the collection.
The fourth part analyses the high-frequency keywords and major research themes to reveal
the conceptual structure of the field. In addition, a Sankey diffluence diagram of different
time slices is presented to help identify the evolution of research themes in the field of
household waste recycling over time.

3.1. Analysis of Scientific Production

Figure 1 shows the trend in quantity of articles published between 1991 and 2020. The
query performed as described in Section 2 returned no result before 1991 as the Web of
Science Core Collection mainly started archiving in 1992 [36]. The number of publications
followed a mild but continuous growth trend until around 2005, when a more rapid growth
began. Starting from 2009, the number of scientific productions fluctuated for four years.
A new round of rapid growth started again from 2014 until now. Over the past 30 years,
the annual number of publications increased from 1 in 1991 to 141 in 2020, with an annual
growth rate of 18.61%. The general trend indicates that this field is still in the expansion
period and receives increasing attention from research communities.

Figure 1. The annual number of publications about household waste recycling based on the data
from SCIE and SSCI.

Figure 2 shows the 10 most productive countries and the number of publications
by them. As the most populated county and facing serious waste management prob-
lems [42–44], China also produced the most publications of all the countries. The United
States, who generated more municipal solid waste per year than any other countries [42,45],
is the second most productive country regarding the number of publications. The United
Kingdom is closely behind the United States. Japan ranks fourth but has the second highest
number of multiple country publications.
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Figure 2. Number of publications in SCIE and SSCI about household waste recycling by country,
grouped by multiple country publications (MCP) and single country publications (SCP).

However, when taking into consideration the number of total citations, the United
Kingdom and the United States have the highest number of total citations (5343 and 4146,
respectively). Germany holds the first position in terms of the average article citations
(58.94 citations per article). Although having produced the most publications, China has
relatively lower average citations than most of the countries on the list. Table 1 lists the top
10 countries with the highest scientific production in household waste recycling.

Table 1. Top 10 countries ranked by total citations.

Rank Country Total Citations Average Article Citations

1 United Kingdom 5343 43.44
2 USA 4146 29.61
3 China 3353 19.72
4 Sweden 1938 33.41
5 Germany 1827 58.94
6 Italy 1364 34.1
7 Japan 1192 14.9
8 Denmark 1143 24.85
9 Canada 1110 23.62

10 Malaysia 970 33.45

The research field involved 3362 authors in total, among which 2876 authors have
1 article, 440 authors have 2–4 articles, 37 authors have 5–7 articles, and 9 authors have
more than 8 articles published.

Table 2 shows the main variables related to the most influential authors on the research
topic. Ian Williams from the University of Southampton is the most productive author
with 16 published articles (total articles in WoS: 102, overall h-index: 30), followed by
Marie Harder with 13 publications (total articles in WoS: 64, overall h-index: 18), and
Adam Read with 10 publications (total articles in WoS: 60, overall h-index: 19). The three
authors leading the ranking are all affiliated with institutes in the United Kingdom. Four
of the other authors on the list are from universities in China, while two are from the
Technical University of Denmark. In addition, Ryan Woodard from the University of
Brighton co-authored all his eight articles with Marie Harder.
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Table 2. Top 10 authors with the highest production of articles.

Authors Affiliation h-Index TC N PY

Williams, I.D. University of Southampton, UK 12 562 16 2004

Harder, M.K. University of Brighton, UK
Fudan University, China 10 240 13 2001

Read, A.D. University of Northampton, UK 10 790 10 1998
Wang, Y. Nankai University, China 5 177 9 2010

Astrup, T.F. Technical University of Denmark, Denmark 9 177 9 2014
Woodard, R. University of Brighton, UK 8 193 9 2001

Christensen, T.H. Technical University of Denmark, Denmark 6 236 8 2006
Wang, Z. Beijing Institute of Technology, China 8 285 8 2012

Wu, Y. Beijing University of Technology, China 7 173 8 2015
Chen, H. Jinan University, China 4 74 7 2017

TC: total citations; N: number of publications; PY: year of first publication.

Figure 3 describes the main authors’ production over time in the field of household
waste recycling. Shan Shan Chung from Hong Kong Baptist University published the
first paper about a case study of recycling behavior and the attitude of Hong Kong people
in 1994 [46], which is the earliest among the main influential authors. Ian Williams and
Maire Harder, as the most productive authors, have started to publish papers in 2004
and 2001, respectively, and are still publishing new papers in recent years. Adam Read,
who was active in the field between 1998 and 2008, has the highest number of total
citations. Adam Read’s paper Using the Theory of Planned Behaviour to Investigate the
Determinants of Recycling Behaviour: a Case Study from Brixworth, UK, published in
Resources, Conservation and Recycling journal, has been cited 364 times [47]. Another paper
focusing on the implementation of a marketing communications strategy for curbside
recycling, published in the same year, has also got 60 citations [48]. Beginning in the 2010s,
scholars from China have become more and more influential in the aspect of scientific
productions, including Yan Wang from Nankai University, Zhaohua Wang from Beijing
Institute of Technology, Yufeng Wu from Beijing University of Technology, and Hui Chen
from Jinan University.

Figure 3. The top 20 authors’ production over time. The size of the nodes represents the number of published articles
(N.Articles), and the transparency represents the total citations (TC) per year.
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A total of 334 journals or other types of sources have published articles on the topic
of our study. Of the sources, 69.5% have published only one article, and 16 journals
have published 10 or more articles. The top 10 productive journals listed in Table 3
account for 53.2% of the total output. Resources, Conservation and Recycling ranks the
first in both the number of articles (180) and total citations (6253), followed by Waste
Management (159 articles and 4462 citations), Waste Management & Research (85 articles
and 1143 citations), and Journal of Cleaner Production (77 articles and 1831 citations).
Resources, Conservation and Recycling also published the first article on household waste
recycling in 1991 in our data collection. Besides the journals focusing on waste management,
more comprehensive journals about environmental studies also appears on the top list, such
as Journal of Cleaner Production, which also publishes articles about cleaner production,
environmental, and sustainability research.

Table 3. Top 10 journals with the highest production of articles.

Source h-Index TC N PY

Resources, Conservation and Recycling 42 6253 180 1991
Waste Management 38 4462 159 2003
Waste Management & Research 18 1143 85 1994
Journal of Cleaner Production 24 1831 77 2002
Sustainability 10 349 53 2012
Journal of Environmental Management 21 1384 39 1996
Journal of Material Cycles and Waste Management 10 208 29 2009
Science of the Total Environment 12 363 27 2008
Environment and Behavior 21 2018 23 1994
Ecological Economics 10 458 17 2002

TC: total citations; N: number of publications; PY: year of first publication.

3.2. Collaboration Network Analysis

Collaboration networks demonstrate how authors, institutions and countries relate
to each other, thus helping us to understand the social structure in our field of research.
Figure 4 maps the collaboration between the 50 most productive authors. The colors
in the figure represent different clusters formed by the academic communities, which
indicate a few groups of authors collaborating closely. The size of the nodes refers to the
number of co-authored articles published by each author, while the thickness of the links
between the nodes indicates the degree of cooperation between certain authors. Five main
clusters appear in the network, dominated by Harder MK, Wang H, Williams ID, Chen H,
and Astrup TF. The map shows a very strong link between Harder MK and Woodard R,
even though they barely collaborate with other authors. Williams ID and Astrup TF also
dominate relatively small work groups. As a comparison, the clusters centered on Chen H
and Wang H have a higher density and have more authors included. The two groups are
also younger than others, as most authors within them started to publish their first articles
after 2014. Overall, the collaboration network is discrete as there is no connection between
many clusters. Some influential authors like Read AD do not have a stable community to
work with, while the younger generations (e.g., Chen H, Wang H) tend to collaborate more
with others.
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Figure 4. Collaboration network of authors.

Figures 5 and 6 show the collaboration networks of institutions and countries based
on co-authorship. The Technical University of Denmark is the most prolific institution in
terms of academic cooperation, with 62 publications in total, followed by the University
of Southampton (48 articles) and the University of Tokyo (33 articles). The University
of Brighton (27 articles), Hong Kong Polytechnic University (25 articles), and Tsinghua
University (21 articles) also represent subnetworks of the collaboration map. The University
of California, Irvine, ranks third in the number of publications with 36 articles, even though
it has collaborated little with other institutions.

The country collaboration map has no obvious cluster comparing to those of authors
and institutions, since connecting lines exist between most of the countries. The United
Kingdom, China, the United States, and Japan have extraordinary performance in interna-
tional collaboration. China and the United States have the strongest academic cooperation
between each other. The United Kingdom and Japan mainly collaborate with Australia
and Vietnam, respectively.
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Figure 5. Collaboration network of institutions.

Figure 6. Collaboration network of countries.
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3.3. Citation Analysis

Table 4 lists the most cited articles in the dataset. The paper Twenty Years after
Hines, Hungerford, and Tomera: A New Meta-analysis of Psycho-social Determinants of
Pro-environmental Behaviour, published by Bamberg and Möser [49] in 2007, has drawn
the most attention from the academic communities with 1367 total citations. Based on
57 previous empirical studies about correlations between psycho-social variables and
pro-environmental behavior, this article conducted a meta-analytic structural equation
modelling test and confirmed that personal pro-environmental behavioral intention was
determined by attitude, behavior control, personal moral norm, and problem awareness.
This intention eventually mediated the impact of all other psycho-social variables on
pro-environmental behavior, including household waste recycling.

Table 4. Top 10 global citated articles on household waste recycling.

R Reference Title TC

1 Bamberg and Möser (2007)
[49]

Twenty years after Hines, Hungerford, and Tomera: A new meta-analysis
of psycho-social determinants of pro-environmental behaviour 1367

2 Tuomela (2000) [50] Biodegradation of lignin in a compost environment: A review 630
3 Barr (2007) [51] Factors influencing environmental attitudes and behaviors 367

4 Tonglet et al. (2004) [47] Using the theory of planned behaviour to investigate the determinants of
recycling behaviour: A case study from Brixworth, UK 364

5 Troschinetz and Mihelcic
(2009) [3] Sustainable recycling of municipal solid waste in developing countries 283

6 Quested et al. (2013) [52] Spaghetti soup: The complex world of food waste behaviours 274

7 Carrus et al. (2008) [53] Emotions, habits and rational choices in ecological behaviours: The case of
recycling and use of public transportation 269

8 Gamba and Oskam (1994) [54] Factors influencing community residents’ participation in commingled
curbside recycling programs 259

9 Taylor and Todd (1995) [55] An integrated model of waste management behavior 220
10 Mannetti et al. (2004) [56] Recycling: Planned and self-expressive behaviour 211

R: ranking; TC: total citations.

Most of the widely cited articles focus on the influencing factors behind individual’s re-
cycling intention or behavior. Environmental values [51], previous recycling experience [57],
personal education on waste management [3], anticipated emotions [53], environmental
knowledge [54], and personal identity [56] are also identified as significant factors by vari-
ous studies on household recycling. In addition to the studies that treat household waste
as a broad concept, there are also some articles focusing on specific types of waste, such
as compostable packages [50] and food waste [52]. The top ten articles ranked by global
citations are published in five different journals, within which Journal of Environmental
Psychology and Environment and Behavior have both published 3 articles, indicating that
psychological methods and behavioral studies are the hotspots in this field.

To further identify the most important articles that have made great contributions
within the research field of household waste recycling, local citation is introduced as
another indicator to measure the influence. Local citation measures how many times an
article included in our data collection has been cited by other articles also in the collection.
As listed in Table 5, some of the most local cited articles have a relatively lower number of
global citations, indicating that these studies mainly draw attention in the specific research
area of household waste recycling. Like the articles with high global citations, many of the
most local cited studies also focus on the determinants of recycling intention and behavior.
However, some other studies treat recycling from the perspective of economics and policy.
Kinnaman and Fullerton [58] estimated the impact of garbage fees and found that correction
for endogenous local policy increases the effect of garbage fees on recycling. Dahlen
et al. [59] compared the efficiency of different waste collection systems and confirmed that
weight-based billing reduced a greater amount of waste than a fixed garbage fee. The
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rise in the waste collection fee induced residents to recycle more according to the article
published by Hong [60] in 1999.

Table 5. Top 10 local citated articles in household waste recycling.

R Reference Title LCS GCS

1 Gamba and Oskam (1994) [54] Factors influencing community residents’ participation in
commingled curbside recycling programs 72 259

2 Bartelings and Sterner (1999) [61] Household waste management in a Swedish municipality:
Determinants of waste disposal, recycling and composting 66 147

3 Knussen et al. (2004) [62] An analysis of intentions to recycle household waste: The roles of
past behaviour, perceived habit, and perceived lack of facilities 59 170

4 Kinnaman and Fullerton (2000) [58] Garbage and recycling with endogenous local policy 55 108
5 Saphores et al. (2006) [63] Household willingness to recycle electronic waste 55 144

6 Chan (1998) [64] Mass communication and pro-environmental behaviour: Waste
recycling in Hong Kong 50 166

7 Barr (2007) [51] Factors influencing environmental attitudes and behaviors 48 367

8 Berglund (2006) [65] The assessment of households’ recycling costs: The role of personal
motives 42 84

9 Dahlen et al. (2007) [59] Comparison of different collection systems for sorted household
waste in Sweden 40 88

10 Hong (1999) [60] The effects of unit pricing system upon household solid waste
management: The Korean experience 36 78

R: ranking; LCS: local citations; GCS: global citations.

Since we have already analyzed the most global-cited and local-cited papers, Table 6
lists articles that have been cited the most by the 1295 articles in our data. These articles
have either developed theoretic models or provided empirical research examples for the
later studies on household waste recycling. The theory of planned behavior (TPB) proposed
by Ajzen [66] has been widely adopted to explain individual’s recycling intention and
behavior. The article about TPB published by Ajzen in 1991 has been cited 108 times by
the publications on household waste recycling in our data. TPB assumes that people’s
intention to perform a certain behavior is mediated by attitude, subjective norm, and
perceived behavior control. When applying TPB to household recycling behavior, various
researchers introduced additional variables to improve the explanatory power of the theo-
retic framework, such as moral norm, awareness of consequences [47], past behavior [67],
convenience [49], local norm [68], and habits [18].

Table 6. Top 10 articles cited the most by articles in the data.

R Reference Title TC

1 Ajzen (1991) [66] The theory of planned behavior. 108
2 Vining and Ebreo (1990) [69] What makes a recycler: A comparison of recyclers and nonrecyclers 94

3 Jenkins et al. (2003) [70] The determinants of household recycling: A material-specific analysis of
recycling program features and unit pricing 85

4 Tonglet et al. (2004) [47] Using the theory of planned behaviour to investigate the determinants of
recycling behaviour: A case study from Brixworth, UK 85

5 Fullerton and Kinnaman
(1996) [71] Household responses to pricing garbage by the bag 80

6 Oskamp et al. (1991) [72] Factors influencing household recycling behavior 75

7 Gamba and Oskam (1994) [54] Factors influencing community residents’ participation in commingled
curbside recycling programs 72

8 Hornik et al. (1995) [73] Determinants of recycling behavior: A synthesis of research results 70

9 Martin et al. (2006) [23] Social, cultural and structural influences on household waste recycling: a
case study 70

10 Schultz et al. (1995) [74] Who recycles and when? A review of personal and situational factors 67

R: ranking; TC: total citations.
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Finally, we perform a historiographic analysis on the data as proposed by Garfield [75]
and plot a chronological direct citation network named historiography [24] (Figure 7). The
historiograph helps us quickly identify the most significant works on household waste
recycling and trace their year-by-year historical development.

Figure 7. Historiograph top-cited papers in the field of household waste recycling.

The earliest node is the paper Factors Influencing Community Residents’ Participation
in Commingled Curbside Recycling Programs published by Gamba RJ [54] in 1994. In
this paper, a mail survey sent to households in a suburb with a new commingled curbside
recycling program discovered an inconsistency between self-reported participation and
observed actual recycling behavior. Relevant recycling knowledge was found to be the
most significant predictor of observed recycling behavior. Gamba’s study has thereafter
inspired many of the top-cited articles in the historiograph.

Hong S published two important articles that have triggered four citation chains in
1999. The first paper, The Effects of Unit Pricing System Upon Household Solid Waste
Management: The Korean Experience, is a single-author article published in Journal
of Environmental Management [60]. The second paper, Household Responses to Price
Incentives for Recycling: Some Further Evidence, published in Land Economics, is a
collaboration with Adam RM [76]. The two papers both studied the effects of price
incentives on household recycling but in different places: 20 cities in South Korea, and
Portland, USA. Results from the two empirical studies show that households would recycle
more when facing an increase in waste disposal service fees. Meanwhile, according to
the study in South Korea, the demand for waste collection services does not necessarily
decrease with additional increases in the collection fee unless further recycling incentives
are accompanied.

As can be seen in the historiograph, the historical direct citation network of top-cited
papers is divided into two subnetworks. One starts from Gamba RJ, 1994, and the other
starts from Hong S, 1999. The subnetwork in the lower part of the graph, marked in red,
commits to understanding people’s recycling intentions and behavior from the perspective
of social psychology, while articles in the upper part marked in blue apply economic models
to studies of garbage fees. This dispersion observed from the historiograph indicates the
two main perspectives on the research of household waste recycling. Some researchers also
interacted with the two perspectives in their studies. As marked in green in Figure 7, the
paper Norms and Economic Motivation in Household Recycling: Empirical Evidence from
Sweden, published by Hage O [77] in 2008, built a theoretical framework that integrated
norm-motivated behavior into an economic model and confirmed that both economic and
moral motives could influence household recycling rates.
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3.4. Conceptual Structure Analysis
3.4.1. Descriptive Analysis of High-Frequency Keywords

Keywords are the high-level summarization and refinement of the article core [78].
There are 3545 keywords provided by the authors, and 67 keywords meet the threshold of
10 occurrences. Of the keywords, 2835 only appear once, accounting for 80% of the total
amounts, which reflects great diversity of the research field. The most frequent keyword,
“recycling”, occurs in 343 articles, as it is included in the searching keywords in the data
collection process. To eliminate the interference of repeated keywords and more accurately
identify research hotspots, we exclude the homogeneous keywords that are highly similar
to our search keywords, as well as the overly broad concepts concerning environmental
studies. The excluded keywords and their occurrences are as follows: “recycling” (343),
“waste management” (108), “waste” (88), “household waste” (69), “municipal solid waste”
(50), “solid waste” (36), “solid waste management” (30), “management” (27), “waste recy-
cling” (25), “household” (22), “analysis” (19), “environment” (18), “environmental” (17),
“waste collection” (17), “household recycling” (16), “household solid waste” (15), “house-
holds” (15), “survey” (14), “municipal waste” (12), “municipal solid waste management”
(10), and “recycle” (10). Some other keywords with similar meanings are merged: “sus-
tainability” and “sustainable development”; “food waste” and “organic waste”; “recycling
behavior”, “recycling behaviour”, and “behaviour”; “life cycle assessment”, “LCA”, and
“material flow analysis”; “WEEE”, “e-waste”, and “electronic waste”; “source separation”,
“waste separation”, “separation”, and “waste sorting”; “plastic waste”, “plastics”, and
“plastic recycling”; “policy” and “environmental policy”.

Table 7 lists the high-frequency keywords after filtering. As can be seen from the list,
the research field of household waste recycling has been extended to all other processes in
the waste management chain, including waste generation (11 occurrences), waste collection
(31 occurrences), source separation (57 occurrences), and disposal (11 occurrences). In
this context, life cycle assessment, defined as “a technique to compile and analyze the
environmental impacts involved in all stages of the product’s life cycle from raw material
extraction stage to the disposal stage” [79], is widely used in waste recycling studies.

Table 7. Most relevant keywords meeting the threshold of 10 occurrences.

Keyword Occurrences Keyword Occurrences

electronic waste 69 theory of planned behavior 17
source separation 57 landfill 14

life cycle assessment 56 reverse logistics 14
recycling behavior 52 social norms 13

sustainability 45 willingness to pay 13
organic waste 39 disposal 11

circular economy 37 questionnaire survey 11
plastic waste 33 recovery 11

attitudes 29 Vietnam 11
composting 26 waste generation 11

China 25 consumption 10
policy 22 informal sector 10

incineration 21 participation 10
packaging waste 20 urban 10

reuse 19 waste reduction 10
The following terms in the table are merged with the keywords in the brackets: source separation (waste
separation, separation, waste sorting); life cycle assessment (LCA, material flow analysis); recycling behavior
(recycling behaviour, behaviour); sustainability (sustainable development); organic waste (food waste); electronic
waste (WEEE, e-waste); plastic waste (plastics, plastic recycling); attitudes (attitude); policy (environmental
policy).

Sustainable development and the circular economy are two important concepts that
drive the studies of waste recycling. Household waste recycling as a part of municipal
solid waste management is the foundation for a circular economy to achieve more waste
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prevention and better resource management. Even though various studies have discussed
waste recycling in the context of the circular economy and sustainable development, the
relationships between them are still blurred as these concepts have been diffuse since they
were proposed [30]

The keyword list also shows that personal recycling behavior is the most popular
research object of the articles. The theory of planned behavior is widely used in relevant
behavioral studies. Attitude and social norm are the most studied predictors of recycling
behavior.

In all types of household waste, waste from electrical and electronic equipment
(WEEE), food waste and organic waste, plastic waste, and packaging waste are mentioned
the most by the authors. Waste reduction and reuse, as another two elements of the three
Rs (reduce, reuse, recycle), have been discussed frequently with household recycling.

Despite the original keywords provided by the authors, our data also includes another
type of keywords, namely keywords plus. Keywords plus are generated from the titles
of an article’s references based upon a unique algorithm [80]. Compared with authors’
keywords, keywords plus are more broadly descriptive but less comprehensive in pre-
senting the content of a specific article [81]. Figure 8 presents the yearly occurrences of
the top 10 keywords plus terms. Household waste recycling has been treated mostly as
a management issue, as the term “management” occurs a lot more than the other terms
during the past 10 years. “Recycling behavior” draws little attention around 2010, but since
then, the number of its occurrences has increased the most rapidly. On the contrary, “par-
ticipation” is the only one of the 10 most relevant keywords plus terms that has declined in
recent years.

Figure 8. Annual occurrences of the most relevant keywords plus terms generated by WoS.

3.4.2. Cluster Analysis of High-Frequency Keywords

Using multiple correspondence analysis, the conceptual structure maps of authors’
keywords and keywords plus are generated, and the keywords clusters are plotted in
two-dimensional maps (Figures 9 and 10). The closer the points representing each keyword
are on the graph, the more similar the distribution of the keywords are, which means they
co-occur in the articles more frequently. Moreover, the proximity of a keyword to the center
point represents its popularity in the research field. Keywords around the center have
received high attention from the research community, while those by the edge are less
related to other research topics [82].
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Figure 9. Cluster analysis of the authors’ keywords using multiple correspondence analysis.

 
Figure 10. Cluster analysis of the keywords plus using multiple correspondence analysis.

In terms of authors’ keywords, we can infer from Figure 9 that the keywords are
grouped into two major clusters and three minor clusters:

(1) The first major cluster marked in red in the center of the graph involves most of
the important concepts regarding the research field and is highly consistent with the topic
of household waste recycling. “Behavior”, “attitudes”, and “willingness to pay” are the
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main research variables of this group of studies. “Life cycle assessment”, “material flow
analysis”, and “reverse logistics” have also been emphasized in this cluster. Apart from the
general sense of household waste, more specific types of waste, including food waste and
electronic waste, have attracted considerable research interest.

(2) The second major cluster, which is marked in blue and located in the upper right
part of the graph, is more related to studies on waste source separation.

(3) The first minor cluster, marked in purple on the left side of the graph, is dedicated
to the study of traditional waste disposal methods, including landfill and incineration. Life
cycle assessment (LCA) is a commonly used technique in these kinds of studies.

(4) The second cluster, marked in green on the right side of the graph, is mainly related
to waste sorting, recycling behavior, attitude, and research carried out in China.

(5) The last minor cluster, marked in yellow on the bottom right, is mainly related to
the reuse of plastic waste and the application of the theory of planned behavior.

Overall, Figure 9 shows the distribution pattern of authors’ keywords, demonstrating
that household waste recycling, as the core research topic, is surrounded by other related
topics such as source separation, reuse, and final disposal.

The co-occurrence of the keywords plus is more uniformly distributed. As can be seen
from Figure 10, five clusters with similar scales are generated using multiple correspon-
dence analysis:

(1) The first cluster, marked in red, focuses more on the technical and engineering
aspects. High-frequency keywords that dominate this cluster are life cycle assessment
(LCA), incineration, recovery, systems, and energy.

(2) The second cluster, marked in blue, focuses on electronic waste (WEEE) and
sustainability. The research areas of the studies in this cluster are mainly China and other
developing countries.

(3) The third cluster, marked in green, is dedicated to household solid waste man-
agement. Collection, consumption, willingness to pay, performance, and disposal are
important topics in this group of studies.

(4) The fourth cluster, marked in yellow, is related to numerous studies that apply
the theory of planned behavior. This popular theory in the field of pro-environmental
behavior is not only applicable to recycling behavior but also widely used in studies of
source separation.

(5) The last cluster, marked in purple, is mainly related to concepts and topics under
social psychology. Top contributing keywords in this cluster are motivation, norms, incen-
tives, attitude, program, and determinants. The United Kingdom (UK) also appears in this
cluster, indicating that many of the studies from the perspective of social psychology are
contributed by British scholars.

3.4.3. Thematic Evolution Analysis

The clusters of keywords obtained from the co-word analysis are considered as themes
of our research field [83]. We further created a thematic map (Figure 11) based on co-word
network analysis and clustering. The thematic map, also referred to as the strategic
diagram [84,85], describes two parameters (“centrality” and “density”) that characterize
the themes in a two-dimensional space. Centrality measures to what extent a network
interacts with other networks. The centrality of a theme represents the strength of its
external connections to other themes and can be used as an indicator to measure the
influence of the theme in the entire research field. Density measures the strength of internal
ties among all the keywords within a theme. Therefore, the density of a given theme
represents its development.
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Figure 11. Thematic map of authors’ keywords based on co-word network analysis and clustering.

Based on their centrality and density, the themes distributed in four quadrants in
Figure 11 are defined by the following four categories [83,84,86,87]:

• Motor themes in the upper-right quadrant. Such themes are both fully developed and
vital to the research field.

• Specialized and peripheral themes in the upper left quadrant. Given that these themes
have a relatively higher density but lower centrality, they are isolated and have limited
influence on the field despite their distinctive internal development.

• Emerging or declining themes in the lower left quadrant. The themes of this category
are weakly developed and marginal to the research field.

• Basic and transversal themes in the lower right quadrant. They are not yet fully
developed, but they have a very important position in the field of research.

According to the strategic diagram generated using authors’ keywords from our data,
we can observe eight main themes with different levels of density and centrality. What
stands out is that different types of waste differ greatly in their positions in the figure.
Electronic waste (e-waste), belonging to the basic and transversal themes, has a much
higher centrality but lower density compared with other types of waste. Greywater has
the lowest centrality, implying that this specialized theme is relatively peripheral and
marginal in our field of research. The theme represented by “circular economy”, “life
cycle assessment”, and “material flow analysis” has its centrality and density both above
the average line. However, the upper right part of the strategic diagram is still vacant,
indicating that motor themes still need to be found in future studies.

In the last part of this section, we perform thematic evolution analysis and map the
results with a Sankey diagram (Figure 12). The Sankey diagram helps us clarify the quantity
and direction of thematic flow and conversion relationships between the themes [88].
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Figure 12. Thematic evolution of the research field of household waste recycling (1991–2020).

The timespan of our data is evenly divided into three slices with two cutting years,
2000 and 2010. The nodes in the diagram represent the main research themes generated
form the co-word network analysis in each time slice. The text labels next to the nodes
indicate the core keywords of the themes as well as the time slices. The number of keywords
included in each theme is represented by the size of the corresponding node. Themes from
adjacent time slices are connected by streamlines when they share the same keywords.
The width of the streamlines is proportional to the number of keywords shared by the
connected themes and indicates the relevance between them.

From Figure 12, we can see that as the research progresses, the pattern of research
themes has gradually shifted from decentralization to uniformity. In the early stage (1991–
2000), various themes are dominated by specialized and unrelated keywords, such as
“incinerators”, “chemical composition”, “contingent valuation”, “incentives”, and “behav-
ior”. In the second stage (2001–2010), the methodology of life cycle assessment and the
theory of planned behavior have been established, developed, and widely used in the
research field. Under the theme of “management”, numerous interdisciplinary studies
have emerged from isolated themes, including “contingent valuation”, “incentives”, “solid
waste”, “behavior”, “attitudes”, and “socioeconomic based survey” in the first stage. In the
third stage (2011–2020), the comprehensiveness of the research field is further enhanced, as
different themes from the former time slices merge again into new themes.

4. Conclusions

Municipal solid waste problems have attracted increasing concerns, and several stud-
ies have systematically reviewed the field of related topics. Since household waste recycling
is a key concept in municipal waste management and there is still lack of scientometric
studies focusing on it, this paper performed a bibliometric analysis based on the data of
1295 scientific publications obtained from Web of Science using the open-source R language
and bibliometrix package.

The analysis of scientific productivity shows that the research field of household
waste recycling is still in the expansion period as annual rapid growth has not slowed
down. China is the most productive country in terms of the total number of articles
published. However, when taking into consideration the number of citations as an indicator
of academic influence, the United Kingdom and the USA have surpassed China. Ian
Williams, Marie Harder, and Adam Read are the most prolific authors, and they are all
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affiliated with institutes in the UK. Beginning in the 2010s, researchers from China has
become increasingly influential in terms of both the quantity and the quality of scientific
productions, challenging the dominance of British scholars. Resources, Conservation
and Recycling and Waste Management published influential studies on household waste
recycling.

Collaborative network analysis reveals that younger generations tend to cooperate
more with each other in their studies than senior scholars. As the two countries with the
most academic output, China and the USA also have the closest cooperation relationship,
while the UK mainly collaborates with European countries. Among all the institutions, the
Technical University of Denmark is the most prolific in terms of academic cooperation.

Citation analysis helps us identify the most influential articles in our research field.
A meta-analysis of determinants of pro-environmental behavior, including household
waste recycling carried out by Bamberg and Möser [49], has received the greatest interest
and got the most citations. In terms of studies not included in our data, the theory of
planned behavior, proposed by Ajzen [66], has made the greatest contribution to our
field of research. Numerous studies applied this theory to the identification of factors
influencing residents’ recycling behavior. In general, most of the highly cited articles either
focus on socio-psychological or economic perspectives. This trend is also confirmed by
historiographic analysis.

The conceptual structure analysis first identifies research hotspots including electronic
waste, source separation, life cycle assessment, recycling behavior, and sustainability. Then,
keywords are clustered into themes using multiple correspondence analysis, and a strategic
diagram is generated. According to the strategic diagram, the circular economy and life
cycle assessment are clarified as motor themes that are fully developed and vital to the
research field. Organic waste and pollution are specialized and peripheral themes. Elec-
tronic waste and reuse are basic and transversal themes that still need further development.
Finally, a Sankey diagram generated from thematic evolution analysis demonstrates the
patterns of the three stages of thematic evolution. Research themes are specialized and iso-
lated in the first stage (1991–2000). Methodologies and theories are developed and widely
applied in the second stage (2001–2010), including life cycle assessment and the theory of
planned behavior. In the third stage (2011–2020), interdisciplinary trends are observed as
several dispersed themes from previous stages merge into new comprehensive themes.

Our study also contributes to the literature given that new findings have been made
with comparisons to previous bibliometric studies in the field of waste management. Li
et al. [25] identified pyrolysis of e-waste, biodiesel production from waste oil, and anaerobic
digestion of organic waste as the research hotspots in their study of “solid waste reuse and
recycling”. Tsai et al. [30] concluded that incineration is the top indicator for future study
of “municipal solid waste in a circular economy”. When focusing on household waste
recycling, our study finds out that besides these technological topics, research on personal
recycling behavior from the perspective of psychology has attracted even more attention.
Household waste recycling is not only an environmental science issue but also a social
science issue.

With the findings discussed above, this article may help clarify the current research
status and future directions of household waste recycling and have implications for both
public authorities and academics. Governing bodies should assess the environmental
impacts of different types of waste disposal from the entire life cycle and establish sus-
tainable household waste recycling systems under the guidance of academic research.
The influencing factors behind residents’ attitudes and willingness to recycle must be
seriously considered in the policy-making process. Researchers should pay attention to
and seek opportunities for collaboration with institutes and countries that are experts in
their specific area of interest, such as China for e-waste studies and the United Kingdom
for incentives and personal behavior. Communication and collaboration between institutes
need to be strengthened as very limited cooperation has been observed. Finally, despite the
interdisciplinary trends appearing in the thematic evolution process, research perspectives
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are still limited as many newly published studies are just repetitions of old ones. Frontier
and innovative research need to be explored to push the boundaries of waste management
and sustainable development.
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Abstract: There are generally no acceptable views on the conservation of biodiversity because there
are no known best approaches to that. This has presented a challenge on what and how to conserve
in developing countries like Nigeria. This paper used a multi-criteria decision-making model based
on the Analytic Hierarchy Process (AHP) to elicit experts’ opinions on biodiversity conservation
approaches and their corresponding conservation targets. The rationality of the experts was checked
by measuring their consistency in the decision-making process. A greedy search algorithm based on
linear programming application was also used for resource allocation. This technique is holistic and
allows the decision maker to consider all pertinent factors. The approach allows policy makers to
integrate worldviews; culture; diverse flexibility of concerned communities and other stakeholders
in identifying conservation practices to achieve sustainability. In terms of current performance
for the biodiversity conservation approaches; the conservation experts rated their performance on
Ecosystem-service-based approach high with the priority index of 0.460. Their performances on Area-
and Species-based approaches are ranked second and third with priority indexes of 0.288 and 0.252
respectively. Conversely; in the case of expectations; Ecosystem service is the most important with
a priority index of 0.438 followed by Area-based with a priority index of 0.353 and Species–based
with a priority index of 0.209. The Ecosystem-service based approach has the highest contribution
coefficient. Resources are allocated accordingly; in form of capacity building; based on the priorities
that were obtained. The research is a rights-based tool for capacity building; and a paradigm shift
from the purely scientific approach to decision-making. It is designed to bridge a scientific gap
between policy formulation and resource allocation in biodiversity conservation.

Keywords: analytic hierarchy process (AHP); ecosystem management; expert opinion; environmental
planning and modeling; rights-based tool; multi-criteria decision making; optimisation; sustainability

1. Introduction

Ecosystem dehydration may lead to the endangerment of some species [1–5]. Several
studies have identified both social and ecological criteria to evaluate biodiversity [6–12].
Emphasis has been made in identifying the important criteria for approaches used in
the conservation of biodiversity [13,14]. Many studies have also explained the way a
number of approaches can be used to examine the social preferences of stakeholders for
various situations involving biodiversity and the natural ecosystems [15–21]. For instance,
in identifying different stakeholder perceptions of diverse ecosystem services using an
ecosystem service-based approach, local actors preferred drinking water, fresh air and
climate change control, genetic pool of plant communities and educational value [15].

However, no mention was made of prioritizing the different conservation approaches
and their targets by considering the multiple criteria that may be involved. Priorities
are sometimes established for conservation at the species level [22,23] but not for the
evaluation of the conservation approaches. Similarly, priorities are also often set for
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hotspots, representing transitions, but not for all targets of biodiversity conservation [24–26].
Despite the existence of many research studies on biodiversity conservations, only a few
emphasize the modeling aspect [27,28]. The majority of the studies are conceptual. The
few models as noted by [29] are not complete in terms of application because they do not
present a consolidative strategy and seem to overstress the significance of the economic
and ecological aspects of biodiversity conservation. These articles seldom emphasize the
conservation subsystems—the targets. Furthermore, no effort is made to put together
these subsystems to form a general framework for modeling biodiversity conservation
approaches. The shortcomings of the noted models led [29] to apply Analytic Hierarchy
Process (AHP) as a model for making choice on biodiversity preserved areas. However,
the author did not investigate the biodiversity conservation approaches (BCAs) and their
conservation targets (CTs).

This paper extends the work of [29] by developing a ranking system for BCAs and
the CTs. This is done through the application of AHP to develop priority indices for both
BCAs and the corresponding CTs. This paper further used an input–output model. As a
result, the concept of “mutual dependence” amongst the different units of the conservation
approaches is introduced and used in building a model for limited resource allocation
strategies. By mutual dependence, we mean that some approaches may yield more benefits
if there are other approaches in existence that may serve as supports for their activities.
For instance, output from area-based conservation may be an input for species-based
conservation and vice versa, or an output for species-based conservation may be an input
for ecosystem-service based conservation. This situation may or may not be a two-way
process. Nevertheless, the reality of such mutual dependence between or amongst different
approach types may present synergistic benefits.

Every nation faces the issue of limited resources, especially developing countries, in
terms of funding. There are many social services demanding financial support. Therefore,
there is a need to optimize the nation’s limited resources and further cascade down to all
the units to ensure that these resources are properly utilized to address the most important
needs. Ecological management is a forefront issue in Nigeria as the country aims to sustain
increasing population, unemployment and other social issues. The long-term goal of
building a biodiversity conservation capacity to effectively support Nigeria’s economy may
be attained through the effective prioritization of BCAs and their CTs using expert opinion.
A functional procedure for the allocation of Nigeria’s limited resources is developed. The
process recognizes all major factors considered by the experts.

This paper presents a balanced approach for making decisions that permit a holistic
consideration of biodiversity conservation opportunities and the final creation of a new
dimension of conservation approach capable of improving prospects for conservation in
Nigeria. The study is based on measuring the perceptions of biodiversity conservation
experts. Madu and Madu [30] described such group decision-making used to gain accep-
tance of the decisions made as a bargaining window. Even though we focus on applications
to Nigeria’s biodiversity conservation management, the approach followed here can be
widely applied in other developing countries where data collection is usually rough and
may not be available in certain cases. Thus, the emphasis in Nigeria is illustrative but the
modeling approach presented here is the major contribution of the paper. The research
is a rights-based tool for capacity building, and it is designed to bridge a scientific gap
between policy formulation and resource allocation in biodiversity conservation. It sup-
ports the 15th goal of the 2030 UN agenda for Sustainable Development, designed to halt
biodiversity loss.

2. Methodology

Analytic Hierarchy Process (AHP)

This study used a Multi-Criteria Decision-Making (MCDM) technique. The technique
requires the use of experts to consider multiple criteria that may affect biodiversity con-
servation decisions. Specifically, an Analytic Hierarchy Process (AHP) is applied here to
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prioritize the approaches and targets of biodiversity conservation. In Figure 1 below, the
biodiversity conservation approaches are displayed along with the conservation targets for
evaluation using AHP. What this implies to the Area-based approach for instance is that, in
its target, it is either that the area is preserved because it is endemic or that it is conserved
to protect a non-endemic area.

Figure 1. Biodiversity conservation approaches (BCAs) and their corresponding specific conservation targets (CTs).

The AHP is a special form of MCDM that is used here and has a wide range of
applications in different disciplines [31–36]. The multi-criteria decision-making structure
based on AHP is presented in Figure 2 below and integrated as steps 2–9 in Figure 3. This
structure provides an opportunity for stakeholder/expert judgments for the choice of
biodiversity conservation approaches (BCAs) and conservation targets (CTs). Specifically,
the steps represented in blocks and numbered in the figures are discussed briefly in the
ensuing discussions.

First, the experts are identified (Figure 2). Policy makers in Nigeria participate actively
in decisions to conserve biodiversity. Their active participation may include making
decisions on the right approaches to conserve biodiversity, the allocation of resources to
improve biodiversity conservation, socioeconomic, legal and ecological management and
others. As a result of these, the structure of Figure 3 starts with the policy maker (1) as
the initiator of conservation policies. It is presumed that the policy maker is aware of the
importance of biodiversity conservation as a major part of ecosystem balancing and intends
to make it an integral part of ecosystem management plan.

45



Sustainability 2021, 13, 9161

Figure 2. Methodology of analytical hierarchy process (AHP) for prioritizing biodiversity conserva-
tion approaches (BCAs) and conservation targets (CTs).

There are several interest groups and individuals who may partake in such decisions
or policy making. Consequently, in Figure 3, the policy maker identifies interest and/or
expert groups (2) whose ideas, opinions and perceptions may affect the decisions related
to the successful conservation of biodiversity. The interest groups/experts here comprise
the local people who are working with Biodiversity Conservation Community-Based
Organisations (BC-CBOs). By involving this set of people, local or indigenous knowledge
is incorporated. Experts are also drawn from non-governmental organizations (NGOs)
and government agencies and parastatals whose primary objectives are on biodiversity
conservation.

In step 3 of Figure 3 which is the second stage in Figure 2, the conservation problem
is formulated as a “mess” [37]. The “mess” here is the case of depleting biodiversity
against all efforts to conserve it. Step 4 of Figure 3, which is the third stage of Figure 2,
suggests defining the goals, objectives and sub-objectives. Immediately the objectives
are defined, the strengths and weaknesses are outlined. Subsequently, a set of criteria
are identified to achieve these objectives in line with [31,32]. Consequently, step 5 of
Figure 3 (the fourth stage of Figure 2) calls for deciding and/or evaluating the performance
criteria and alternatives for each major objective. Marcot et al. [38] define objectives as
“the long-range aspirations of the decision makers and stakeholders,” and can include
ecological, economic, recreational, spiritual, cultural and aesthetic dimensions in the case of
biodiversity conservation. Primary objectives may oftentimes be structured into hierarchies,
as can be observed in the decision alternatives of biodiversity conservation. For instance,
there may be several ecological and economic objectives for biodiversity conservation plans,
with some potentially conflicting with each other. Organizing these fundamental objectives
in a hierarchical order can be helpful in explaining tradeoffs and priorities amongst many
objectives.
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Figure 3. A systematic method to improving biodiversity conservation approach.

In Figure 4 below, level 1 is the goal of the project, which is to improve biodiversity
conservation. There are certain criteria established at level 2, in line with the demands
of step 5 of Figure 3 to achieve this set goal. Many variables such as species populations,
species traits, community composition, ecosystem structure and ecosystem function have
been used in quantifying these criteria [39,40], though they differ across various biodi-
versity conservation initiatives. However, to the best of our knowledge, no single study
integrates all of these criteria. First, we reviewed the ecological and economic criteria
applied in various initiatives to determine the main criteria common in most initiatives.
Second, we then synthesized the biodiversity conservation variables needed to inform these
criteria. These criteria give direction on the direct assessment of approaches important
for biodiversity conservation as well as the conservation targets. These criteria are social,
economic, environment, cultural, research and development, resource utilization and the
cost of conservation. These are constraints to the decision variables or decision alternatives
at level 3 in Figure 4. In other words, the decision alternatives ought to be prioritized
considering the criteria to achieve the set goal. Deciding the decision alternatives includes
first identifying exact decision variables (the items that are controllable) and the ranges that
are acceptable for the variables (e.g., species- or ecosystem service-based approach) and,
second, generating alternatives based on those variables. Here, a list of the conservation
projects (species-based, ecosystem service-based and area-based approaches) as well as the
conservation targets form the alternative portfolio for the domain experts to compare and
rank. However, the caveat of this study is the absence of landscape scale in the biodiversity
conservation approaches considered. This could be an important area to consider for future
research.
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Figure 4. A network structure for prioritizing biodiversity conservation approaches (BCAs).

Step 6 of Figure 3 and stage 5 of Figure 2 suggest survey data collection using AHP. In
this context, the survey data are the information from the domain conservation experts. For
the application of the AHP in this study, a survey research design that is based on pairwise
comparison of the decision makers’ judgment is used. The survey instrument has three
sections, namely, A, B and C. Section A is designed to elicit the demographic data of the
experts. In sections B and C, a 9-point scale is used to conduct pairwise comparisons on the
conservation approaches and conservation targets of each of the approaches, respectively,
for the expectation or capacity building. The 9-point scales are defined as follows: 1 = equal
importance; 3 = moderate importance; 5 = strong importance; 7 = very strong importance;
9 = extreme importance of one action over the other. The even numbers 2, 4, 6, and 8 are
used for compromise while reciprocals are used to show inverse comparisons. This is the
standard scale that is normally used with AHP. However, alternative scales could be used.
Conservation experts ascertained the comprehensiveness of the top-level conservation
approaches and their targets. Through the AHP, a sequence of pairwise comparison is
performed between alternative actions or decisions (i.e., biodiversity conservation ap-
proaches and the conservation targets). A purposive sampling technique was used in
selecting 28 biodiversity conservation organizations that participated in the study. This
sampling technique is effective when studying a cultural domain with knowledgeable
experts within [41]. The organizations have people who work directly on biodiversity
conservation and our interest is to tap into their expert knowledge. Selection of participants
for this study is based on the specialized education, knowledge, experience, skill and
training acquired that qualified them as domain experts.

The pairwise comparison survey instrument was administered to two biodiversity
conservation experts in each of the 28 organizations. Thus, 56 pairwise comparison survey
instruments were distributed. The returned instruments were evaluated using the AHP.
This process requires several iterations that demand back-and-forth communication with
the experts to address areas of inconsistent judgment. Some of the experts did not follow
through with some of the iterations and, therefore, did not complete the process. As a result,
they were dropped. Thus, 27 experts were dropped along the line, and only 29 experts
completed the iteration processes. This number is significant in group decision making
since group decision making does not require large samples to avoid potential conflict
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and achieve timely decisions. Furthermore, in using expert judgment, representation is
measured by the quality of the experts and not by the numerical size [42]. Several research
works have adopted similar approach [1,31,32,43–52]. Therefore, this research design is
proper for the intent of this study. The AHP technique is used in this context because
it allows us to measure the consistency of the experts’ judgment, which is a function of
their rationality. The rationality of the experts was checked by measuring their consistency,
through the AHP, and a Critical or Consistency Ratio (CR) < 0.10 shows consistency in
judgment.

Steps 7 and 8 of Figures 2 and 3, respectively, suggest we calculate the geometric
means. The method of the AHP was used to analyze the matrices. For ease of analysis, the
independent matrices are unified into one matrix by finding the geometric means of each of
the cells in the matrices, which are the objects for further analysis or AHP application (see
Appendix A). Aczel and Saaty [53] explain that the use of the geometric mean is essential to
conserve the reciprocal property of the objects. Stage 8 of Figure 2 corresponds to block (9)
of Figure 3 and suggests ranking of the BCAs and CTs. Here, the priority indices are
computed for each of the cells in the matrices and ranked using the values of the priority
indices. The rank order portrays the order of importance attached on the criteria and
alternatives [54]. The ranking of the criteria and alternatives of the BCA is performed to
ensure that importance or preference is placed on the most important BCAs and CTs.

Given that the data required to set up the input–output relationship of the BCAs may
not be solely quantitative, the Delphi technique is used to gather the data (see Block (10)
of Figure 3). The Delphi technique is premised on the principle that decisions made in a
structured environment is more accurate than unstructured ones [55]. In this paper, a mod-
ified Delphi technique is applied such that a questionnaire is designed with a 5-point linear
Likert scale of: 1 = not at all important; 2 = slightly important; 3 = moderately important;
4 = very important; 5 = absolutely important on perceived importance of the interdepen-
dence between a given pair of the BCAs. Expert participants are also drawn from the
government organizations, Biodiversity Conservation Community-Based Organizations
(BC-CBOs) and other NGOs. The questionnaire was shared to the expert participants for
rating using the Likert scale, after having the results of the AHP questionnaire. Each of the
participants performed the task anonymously to keep away from group behavioral influ-
ences. They were asked to review their weight assignments, taking into consideration the
reasons stated by other participants so they can justify their original weight assignments.
Three iterations were made in the process, and we observed some convergence of opinions.
Geometric means were calculated to reflect the consensus of the group in accordance with
the guideline provided by [56,57]. The data from the Delphi process suggest that there is
tendency that each of the BCAs may be feeding on the other. There is therefore need to
explore the mutual dependence between the BCAs.

Block (11) of Figure 3 suggests establishing input–output relationships. The relation-
ships are very important since resource allocation cannot be based mainly on priorities
when there may be interdependencies existing. This means that there is need for opti-
mization in the face of limited resources, and therefore, there is need to introduce Leontief
input–output model. The input–output table (matrix) developed from the data elicited
through Delphi is then used with the priority indices on the expectations of the three BCAs
for application of the Leontief input–output model (see Appendix B). Again, block (12) of
Figure 3 suggests the formulation of a linear programming (LP) problem (see Appendix C)
since the efficient utilization of resources is a requirement to achieving the targets of the
BCAs in environmental planning and management.

3. Results and Discussion

Using the AHP, the priority indices of the BCAs are computed (see Appendix A). The
pairwise comparison matrices of the three BCAs and their corresponding CTs are based on
the relative importance ratings of both their expectations and actual performances. The
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aim is to generate data for prioritizing the BCAs and the CTs to see how we are faring and
perhaps identify areas for capacity building and to efficiently allocate limited resources.

3.1. Prioritizing the Conservation Approaches

In the case of expectations for the three biodiversity conservation approaches, as
shown in Table 1, the ecosystem-service-based approach is perceived to be the most im-
portant with a priority index of 0.438, followed by the area-based approach with a priority
index of 0.353, and the species-based approach ranked third with a priority index of 0.209.

Table 1. Prioritizing the biodiversity conservation approaches (BCA)—Expectation vs. actual performance.

Expectation Performance
Conservation (Top-Level) Approaches Priority Index Ranking Priority Index Ranking

Species-based 0.209 3 0.252 3
Area-based 0.353 2 0.288 2

Ecosystem-service-based 0.438 1 0.460 1

CR = 0.094.

However, in terms of current performance as also shown in Table 1, it is clear that
the respondents rated their performance on ecosystem-service-based approaches high, as
is evident in the priority index of 0.460. Their performances on area-based and species-
based approaches are ranked second and third, respectively, with priority indices of
0.288 and 0.252, respectively. Furthermore, the Consistency Ratio (CR) of 0.094 shows that
the experts are consistent in reaching this conclusion.

The technique we used permits us to rank, in order of priorities, the three BCAs and
the CTs related to each of the approaches. The generated priority indices of the three
BCAs (BCA1, BCA2 and BCA3) suggest that there is varying perceived importance of
each approach in contributing to biodiversity conservation. The matrix implies that BCA3
and BCA2, with priority indices of 0.438 and 0.353, respectively, should have the highest
priorities. On the other hand, BCA1 seems to have the least preference based on all the
criteria considered. Though we underscore the importance of all the approaches, their
rank order of importance is relative, and to achieve the goal of biodiversity conservation,
emphasis should be on the approaches with the most perceived importance. Conversely, in
terms of actual performance, the ecosystem-service-based approach (BCA3) is perceived to
be the most important. The perceived importance is in line with the preference given to the
approach in the MEA report [58]. The participants’ reason for placing higher preference
on BCA3 may be that the approach cuts across all sections of sustainability (economic,
social and environment) and so it is holistic. This agrees with the reports of [59–63]. We
also seem to do relatively well in each of the other two conservation approaches, that is,
the area-based and species-based approaches. This may suggest a wide coverage on the
different approaches. However, the lower rank order of BCA1 and BCA2 may be linked
to emphasis being shifted from these approaches after the UN convention on biological
diversity (CBD) that showed preference to the ecosystem-services approach (CBA3). Our
results are consistent with the reports of the [64,65]. It is also noteworthy that since the
expectations of the area-based approach are high in importance but low in the case of
performance, it suggests that improvement through capacity building and provision of
resources to support the approaches is required. The result shows that the rank order for the
conservation approaches in terms of actual performance coincides with the rank order for
expectations. In the area-based approach, the perceived importance is higher in expectation
than in current performance. However, the perceived importance of expectations is slightly
lower in the species-based and ecosystem-service-based approaches in comparison with
their current performance. This may partly explain the institutional development or
local/city governance issues. The results of the pairwise comparison matrices show that a
gap exists between the perceived expectation and the actual or current performance.
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3.2. Prioritizing Conservation Targets under the Species-Based Approach

In Table 2, the rank order for both expectation and performance is preserved for the
targets under the species-based approach. However, as seen in Figure 5, the perceived
importance to build capacity (expectations) on the targets is slightly lower in CT2 (Eco-
logical important Species) whereas CT4 (Species of non-use to human) is slightly higher
when compared to their priority indices in the current performance. Again, in capacity
building, CT3 (Species of use to human) completely dominates CT1 (Threatened Species),
CT2 (Ecological important Species) and CT4 (Species of non-use to human). CT4 is of the
least perceived importance here, lower than CT2 and CT1, which are ranked second and
third, respectively, though their margin is very slim.

Table 2. Prioritizing the conservation targets under the species-based approach—Expectation vs. actual performance.

Expectation Performance

Conservation Target
(CT) Indicators Priority Index Ranking

Priority
Index Ranking

CT1 Threatened species 0.190 3 0.190 3

CT2 Ecological important
Species 0.194 2 0.209 2

CT3 Species of use to human 0.435 1 0.393 1

CT4 Species of non-use to
human 0.182 4 0.175 4

CR = 0.074.

Figure 5. Chart of the perceived performance and expectation of the species-based approach (BCA1).

Though the rank order is maintained in the case of current performance as it is in
expectation, there is variation in the priority indices of the CTs, except for CT1 (Threatened
species), which is exactly the same in both expectations and actual performance, as shown
in Table 2. In terms of current performance, the priority index of CT3 (0.393) is higher than
that of CT1 (0.190), CT2 (0.209) and CT4 (0.175). The priority index of CT2 is marginally
higher than CT1 but clearly above CT4. The experts are consistent in their judgment, as is
evident in the CR value of 0.074.

As expected, CT3 (Species of use to human) is perceived to be the most important,
and it is significantly higher in preference than the other targets, both in expectations
and in actual performance. CT4 (species of non-use to man) as expected is the least in
both expectations and actual performance. However, the participants perceive that more
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capacity needs to be built on CT4 probably because of the need for future use. CT2
(Ecological important Species) is ranked second, after CT3, in both expectations and actual
performance. This may be because of the fact that any species of ecological importance
promote environmental sustainability and, as such, partly contributes to the eco-efficiency
and effectiveness. The reason may not be far from why CT2 is referred to as the “hubs of
network”. CT1 (Threatened species) is ranked third probably because Nigeria’s biodiversity
richness may be protective of many of these species. Furthermore, efficient and effective
hubs of networks (CT2) may also protect threatened species.

3.3. Prioritizing Conservation Targets under the Area-Based Approach

In order of importance in both expectations and actual performance, the area-based
conservation approach is ranked second over the species-based approach. There are two set
targets to this approach: CT5 (Endemic area—hotspot) and CT6 (Non-endemic areas) [29].
In terms of capacity building, we notice that the CT5 is of higher perceived importance than
CT6 for the targets to be achieved (Table 3). This supports the work of [66]. However, in
terms of current performance, there is no dominance between the targets (i.e., CT5 and CT6).
They are of equal ranking with priority indices of 0.500 each. Meanwhile, as expected, the
rank order of CT5 is higher in expectations than in actual performance, but the perceived
importance of CT6 is higher, with a priority index of 0.500 over that of expectations with
0.394. There is consistency in the judgment of the experts since the CR value is 0.031.

Table 3. Prioritizing the conservation targets under the area-based approach—Expectation vs. actual performance.

Expectation Performance

Conservation Target (CT) Indicators Priority Index Ranking Priority Index Ranking

CT5 Endemic areas
(hotspot) 0.606 1 0.500 1

CT6 Non-endemic areas 0.394 2 0.500 1

CR = 0.031.

As also expected, the CT5 (Endemic areas), referred to as “hotspots”, are perceived
higher than the CT6 (non-endemic areas) in terms of expectation, probably because endemic
areas are losing biodiversity to the built environment. This may be because of our poor
institutional development or city/local governance where personal interests override
sustainable development goals, as reported by [67]. The agreement on the perceived
importance in terms of actual performance may perhaps be due in part to their struggles to
develop non-endemic areas, which create balance for the lost endemic areas. However, the
experts may choose to have equal preference in CT5 and CT6 probably because conservation
of any one of them is not guaranteed by the current public policies. Situations arise where
the public sector does not consider endemic or protected areas over non-endemic areas.
Infrastructural developments are often approved to the detriment of the endemic areas.

3.4. Prioritizing Conservation Targets under the Ecosystem-Service-Based Approach

The ecosystem-service-based approach is the first in terms of expected priority ranking
and even in terms of actual performance. In other words, it is perceived to be of most impor-
tance of all in both expectations and current performance. The approach sets three targets:
protection of water bodies (CT7), protection of land (CT8) and protection/preservation
of living resources (CT9) [15,21], as shown in Table 4. In terms of actual performance,
CT7 (water) is ranked to have low performance, with a priority index of 0.121. Therefore,
there may be need for capacity building here. CT9 (Living resources) is ranked first, as
is evident from the high priority index of 0.268 above CT8 (land) and CT7 (water) with
priority indices of 0.247 and 0.121, respectively. The result of our evaluation shows that
the priority indices generated for each of these CTs are relatively close to each other, thus
suggesting the perceived importance of each in effective use of this approach.
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Table 4. Prioritizing the conservation targets under the ecosystem-service-based approach—Expectation vs.
actual performance.

Expectation Performance

Conservation Target (CT) Indicators Priority Index Ranking Priority Index Ranking

CT7 Water 0.204 3 0.121 3
CT8 Land 0.251 2 0.247 2
CT9 Living Resources 0.273 1 0.268 1

CR = 0.083.

In the case of expectations in Table 4 above, CT9 is ranked first with a priority index of
0.273 above CT8 (0.251) and CT7 (0.204). CT7 is ranked third with a priority index of 0.204.
The CR value of 0.083 shows that the experts are consistent in reaching this conclusion.

More so, the CT7 (Water), CT8 (Land) and CT9 (Living resources) share the same
rank order (first, second and third, respectively) in terms of both expectations and actual
performance and show that much is actually being done. This is evidenced in the dredging
of some of the waterways and sensitization on the dangers of dumping wastes into the
available rivers, the clean-up of oil spill sites, erosion control and other sustainability
activities. However, a gap exists which shows that much is also expected or that there is
need for capacity building in that order. The rank order, in terms of performance on CT9
(preserving the living resources), may be due to the unsustainable pattern of consumption
in the country. This may perhaps explain the need to do more in using area- and species-
based conservation approaches as stated earlier. Again, the low ranking of CT7 (preserving
or protecting the water bodies) in terms of actual performance may be due to the negative
effects of some anthropogenic activities in Nigeria. For instance, the common practice or
attitude of dumping wastes or other hazardous substances into the water bodies often
contribute to the massive flooding that is experienced in the country. Even though we
do well in CT8 (land protection) as shown in Table 4, expectations are high and require
that capacity needs to be built in protecting land to enjoy the land-related benefits of BC3.
Although some of these processes such as land restoration are natural phenomena, without
taking care of the land, the ecosystem service benefits may not be realized. Expectation
through capacity building on the ecosystem-service-based approach is required, as shown
in the ratings. It is observed that although the ratings differ amongst the three CTs in terms
of actual performance, their priority indices are relatively close and may suggest same level
of perceived performance.

Generally, it is expected that high rank order conservation targets should consume
more resources. However, considering the holistic process of BCA3 (ecosystem-service-
based approach) from a management point of view, it may be better to satisfice rather than
optimize. In other words, rather than distribute the resources disproportionately to the
targets with significantly higher rank order, it may be more preferable to allocate such
resources more equitably to encourage the achievement of all set targets and/or benefits in
the approach.

In fact, we must emphasize that the rank order of the majority of the expectations
of the BCAs and related CTs coincides with their respective actual performances. In
other words, there seems to be some conformity in the ranking of some BCAs and CTs in
both cases. However, there is notable difference in their priority indices. Consequently,
we can stress that virtually all the BCAs and related CTs are important. Their order of
importance is relative. Attention should therefore be given to the BCAs with the highest
perceived importance but also given equitably to CTs. The rating of the current performance
facilitates the identification of the gaps in deployment and underscores what we may not
be doing at present. The expected importance rating provides vital information because
it demonstrates in a rank order where interest should be channeled to, to achieve robust
biodiversity conservation.
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3.5. The Input–Output Relationships

Block (11) of Figure 3 recommends establishing input–output relationships of the
BCAs. Table 5 is the priority indices of expectations in the three top-level biodiversity
conservation approaches. Table 6 is an outcome of the established input–output relation-
ship of the three conservation approaches obtained through the Delphi technique. The
coefficients in the (i,j) cells are weighted by the αi (Table 5) and αj (Table 6), respectively,
and a summation is made over each row to obtain the dependence vector matrix β [30,68]
given as Table 7. This matrix presents the adjusted weights for all BCAs. The matrix con-
siders both the originally derived expectation priorities in case of the criteria for improving
biodiversity conservation with the interdependencies among the conservation approaches.
The αi and αj are eigenvectors derived for the BCAs.

Table 5. α matrix for the biodiversity conservation approaches (BCAs).

BCA1 0.209
α = BCA2 0.353

BCA3 0.438

Table 6. The input–output matrix for the biodiversity conservation approaches (BCAs).

BCA1 BCA2 BCA3

BCA1 3.60 3.99 3.56
BCA2 3.62 4.54 3.65
BCA3 3.44 3.75 4.24

Table 7. The dependence vector matrix for the biodiversity conservation approaches (BCAs).

BCA1 0.778
β = BCA2 1.397

BCA3 1.708

The values of the geometric means of the participants’ responses, from the Delphi
process, fall between 3.60 and 4.54. This implies that the perceived importance of the
interdependence between a given pair of the BCAs is either moderately important or very
important from the range of Likert scale adopted. This means that there is flow amongst
the three conservation approaches (BCA1, BCA2 and BCA3). They exhibit interdependence
to an extent. Steps to use one may ease the other showing that they are mutually dependent
on one another. This synergistic influence may aid in allocating resources to achieve set
targets. Notice also that a BCA may be partly dependent on itself; that is, a conservation
approach may partially depend on itself, hence some of its output is retained for internal
use to improve the approach itself. The observed interdependence between the three BCAs
necessitates the use of linear programming for resource allocation.

The network of interdependence for the three BCAs is shown in Figure 6. The outside
straight arrows that connect the spheres in the diagram show the interflow amongst the
BCAs. This means that each of the BCAs (BCA1, BCA2 and BCA3) feeds on each other and
are therefore mutually dependent. An attempt to use one may enhance the other. Again,
the curved right arrows inside the spheres show the internal use of the outputs by each of
the BCAs or that some of the outputs are retained internally to keep the system working.
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Figure 6. Interdependence network of the three biodiversity conservation approaches (BCAs).

3.6. Allocate Limited and Finite Resources to the Mutually Dependent BCAs

Block (13) of Figure 3 in the methodological framework proposes the allocation of
scarce funds to the mutually dependent BCAs. This resource allocation system uses the
input–output matrix and the priority indices generated for the different approaches. Table 8
shows the resource needs for these approaches.

Table 8. Sharing of the NGN 100,000,000 budget allocation for the biodiversity conservation approaches (BCAs).

Biodiversity Conservation
Approaches (BCAs)

Resource Requirement
(Millions of NGN)

Real Matrix (w)
(Resource Requirement/Total)

BCA1 39 0.339
BCA2 33 0.287
BCA3 43 0.374
Total 115 1

For purposes of clarity, we found that in 2019 a specific budget of NGN 100 million
is committed to accomplishing the goal of biodiversity conservation in Nigeria. Assume
that each of the units that cover the three approaches have submitted their resource
requirements as shown in Table 8. There must be allocation of appropriate resources in
order to consider all identified criteria and their matching priorities in maximizing the
country’s biodiversity conservation.

Using Equations (A4)–(A6) (see Appendix C), the step followed in [30–32,68], we can
develop the linear programming model for the following problem:

Maximum z = 0.778w1 + 1.397w2 + 1.708w3 (1)

Subject to

0 ≤ w1 ≤ 0.39
0 ≤ w2 ≤ 0.33
0 ≤ w3 ≤ 0.43

and
w1 + w2 + w3 = 1 (2)

where the β vector matrix presents the coefficients of the objective function while the upper
bounds of the first three constraints are the ratios of the funds needed by each BCAs to
the NGN 100,000,000 fund allocation. The decision variables represent the ratio of funds
allotted to the three BCAs, as illustrated in Figure 7. The results found here are rather
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intuitive even though the challenge can be handled by applying specialized LP software
package such as LINDO [69], OpenSolver or R.

Figure 7. Biodiversity conservation resource allocation priority.

The technique used here is a greedy search algorithm whereby the most important
approach gets its maximum requirements in that order of priority and if in the end anything
is left, it will be allocated to the least priority approach. In other words, the optimal
allocation decision can be made by a simple ranking of the BCAs on the grounds of their
β-matrix values (contribution coefficients) and, after that, using the constraints to fund
approaches to their needed resource until the fund is depleted. For instance, from the
coefficients of the objective function z, we find that BCA3 has the highest contribution
coefficient of 1.708. Thus, w3 = 0.43, meaning that BCA3 will receive its complete resource
need. Given that we have a balance of (1 − 0.43 = 0.57), we have enough to meet the
complete resource needs of BCA2. Again, 1.397 for BCA2 is the next highest contribution
coefficient, implying that w2 = 0.33.

Note that the last constraint in the model is w1 + w2 + w3 = 1. Therefore, w2 + w3 = 0.76.
The next conservation approach is BCA1 with the least contribution coefficient of 0.778.
This presents w1 to be assigned w1 = 1 − 0.76 = 0.24. It is observed that all approaches
with the exception of BCA1 received their full allocation of funds. The balance of 0.24 is
less than the 0.39, which is the proportion of need for BCA1. Therefore, we do not have
sufficient resources to contain that need. Generally, this analysis is called “greedy heuristic”
because the allocation of resources to the approaches follows a non-increasing order of
the contribution coefficients until all the resources are exhausted. For this problem, the
resource allocation based on the greedy heuristic algorithm is shown in Table 9.

Table 9. Resource allocation based on the “greedy heuristic” algorithm for the biodiversity conserva-
tion approaches (BCAs).

Biodiversity Conservation Approaches (BCAs) Resource Allocation (Millions of NGN)

BCA1 24
BCA2 33
BCA3 43

3.7. Implement New Dimension of BCA and Recommendations

Block (14) of Figure 3 suggests the implementation of new dimensions of BCA. Suc-
cessful implementation of a decision in biodiversity conservation involves taking into
account the risks and benefits, time and cost related to the implementation. In this case, the
time and cost of implementing this new dimension of biodiversity conservation approach
ought to be considered alongside the risks involved, if any, and the benefits of the imple-
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mentation. The step also considers the feasibility of the developed framework and the level
of impact of the implementation to avoid failure. It is expected that the decisions will have
the support of considerable interest groups that are represented by the expert respondents
since the decisions are founded on the converging opinions of the stakeholders. The results,
in addition, provide a negotiating tool to the policy maker, who may possibly have to give
reasons to different groups why a particular conservation approach was emphasized on
importance and why limited resources should be channeled appropriately.

3.8. Monitor the Implementation Process

Block (15) of Figure 3 emphasizes the importance of continual monitoring of the
prioritized BCAs to achieve corresponding targets. The continual monitoring process is
a kind of control designed to make sure that Nigeria’s commitment to conservation of
biodiversity is being fulfilled. Monitoring design is most useful when it emanates from the
decision background. The standards of monitoring and the process for monitoring should
be identified based on the information requirements of the decision maker. The framework
of Figure 3 suggests a feedback loop to continuously monitor the planning process. For
example, if, in the block (15), there is a need to adjust, the policy maker may decide to
identify new interest groups to evaluate the problem. These interest groups may follow the
step-by-step approach presented in Figure 3. Conversely, if there is no need for change,
then nothing needs to be done other than to continue with periodic review.

4. Policy Implications/Suggestions for Policy Recommendations

Several policy implications emerge from this research work and are identified as
follows:

(1) When decision/policy makers use the concept and tools of this research, they may
be able to make quality decisions in conservation planning and management since all
quality decisions are rational but not all rational decisions lead to a quality outcome. The
systematic technique can provide the fundamental principles and deal with the complexi-
ties of natural resource planning and management in several places.

(2) This study is a paradigm shift from the purely scientific approach to decision
making. This approach is instrumental in ensuring that the different worldviews and
perceptions including local knowledge are considered in policy formulation.

(3) Often, we adopt international standards and guidelines without evaluating our
peculiar situations. Lack of local content may lead to the unsuccessful implementation
of such programs. The inclusion of local content is crucial in biodiversity conservation
decision making. The use of the stakeholder approach presents an opportunity for all
important interest groups to partake in policymaking.

(3a) Stakeholders may have varying views and premises. They are able to share these
views and also understand the worldviews of others. It is through these kinds of teams
that conflicts could be resolved and made productive.

(3b) Adoption of the stakeholders’ recommendations may gather support for imple-
mentation. This may also be helpful in terms of resource allocation as members of the team
would likely defend the decisions which they participated in making.

(4) Since the United Nations has identified biological diversity loss as a worldwide
issue to tackle, it is very important to prioritize the approach to meet set goals at both
the national and global level. In other words, needful approaches that best suits several
circumstances in different geographical regions under different environmental challenges
should be adopted in cognizance of global needs.

(5) The BCAs involve multiple objectives that need to be established as set targets.
Once a country ranks its actual performance low in any of the BCAs it perceives to be
critical to preserve biodiversity loss, it is suggested that there is need for new strategies
or to realign existing ones, reallocate resources and possibly build capacities that may be
required to achieve the set targets.
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(6) Many developing countries such as Nigeria are at the risk of losing their biological
diversity. Some of these countries may not have the capacity to conserve biodiversity
at any level, such as species, areas or ecosystem, perhaps because of their consumption
patterns. Many of them also may not have the economic capacity to conserve and may
depend on foreign donors for funding. Therefore, we need to make a choice based on scale
of preference or perceived importance. It is imperative to methodically allocate the limited
resources so that key targets can be met.

(7) This study presents a rational decision-making process to prioritizing BCAs. It
surely may not deal with all important problems or assure an optimum solution however,
it may present a consolidative, systems perspective of this pertinent problem.

5. Conclusions

The method followed here presents a logical technique to ecosystem planning and
management by putting together all factors that are considered significant and influential
in the prioritization of biodiversity conservation approaches. Though the interest groups
suggest the implementation of their decision, it is not assured that the policy maker
will do so. It does not seem unusual, for instance, for policy makers to go by their
instincts; however, at the very least, the process used here guarantees that most of the
issues concerning the question of biodiversity conservation will be effectively considered.
Models as used here serve as decision supports only.

This research work deals with four major challenges to advancing the BCA for coming
years: stakeholder inclusiveness, capacity building, resource allocation and local content
adaptation. We set out to deal with these to form a baseline, in both future research and
practice, in finding a solution to effectively conserve biodiversity and halt its loss. Nigeria
is used as a case study so that we can understand the challenges. Considerable changes to
the robust ecosystem and being proactive against biodiversity loss can be realized through
the application of the processes and techniques present in this work. We found the process
of group elicitation to address conservation planning highly effective. The members of the
group could retrospectively provide the logic and reasoning responsible for developing
the criteria ranks because a formal decision-making model was applied. This approach
allows policy makers to integrate worldviews, culture, diverse flexibility of concerned
communities and other stakeholders, perceptions, values, attitudes and behaviors in policy
making.
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Appendix A

Appendix A.1 Geometric Means and Priority Indices Section A

Table A1. Geometric means and the priority indices of the Biodiversity Conservation Approa hes (BCAs) both in expectations
and current performance.

a: Geometric mean of the three BCAs on expectations/capacity building

Species-based
(BCA1)

Area-based
(BCA2)

Ecosystem-service-based
(BCA3)

Species-based (BCA1) 1 0.42 0.65

Area-based (BCA2) 2.40 1 0.57

Ecosystem-service-based
(BCA3) 1.53 1.76 1

b: Row average operation of the three BCAs on expectations/capacity building

Species-based
(BCA1)

Area-based
(BCA2)

Ecosystem-service-based
(BCA3)

Priority Index (Row Average)

Species-based (BCA1) 0.203 0.132 0.293 0.209

Area-based (BCA2) 0.487 0.314 0.257 0.353

Ecosystem-service-based (BCA3) 0.310 0.553 0.450 0.438

c: Geometric mean of the three BCAs on actual/current performance

Species-based
(BCA1)

Area-based
(BCA2)

Ecosystem-service-based
(BCA3)

Species-based
(BCA1) 1 0.54 0.85

Area-based
(BCA2) 1.88 1 0.37

Ecosystem-service-based
(BCA3) 1.18 2.72 1

d: Row average operation of the three BCAs on actual/current performance

Species-based
(BCA1)

Area-based
(BCA2)

Ecosystem-service-based
(BCA3)

Priority Index (Row Average)

Species-based (BCA1) 0.246 0.127 0.383 0.252

Area-based (BCA2) 0.463 0.235 0.167 0.288

Ecosystem-service-based (BCA3) 0.291 0.638 0.451 0.460

Appendix A.2 Geometric Means and Priority Indices Section B

Table A2. Geometric means and the priority indices of the Conservation Targets (CTs) both in expectations and current
performance.

a: Geometric mean of the four CTs of the species-based approach on expectations/capacity building

Threatened
species
(CT1)

Ecological important species (hubs of network)
(CT2)

Species of use to human
(CT3)

Species with
non-use values

(CT4)

Threatened species (CT1) 1 0.59 0.36 1.79

Ecological important species (hubs of
network) (CT2) 1.70 1 0.32 0.97

Species of use to human (CT3) 2.77 3.17 1 1.61

Species with non-use values (CT4) 0.56 1.03 0.62 1

b: Row average operation of the four CTs of the species-based approach on expectations/capacity building

Threatened
species
(CT1)

Ecological important
species (hubs of
network) (CT2)

Species of use to
human
(CT3)

Species with non-use
values
(CT4)

Priority Index
(Row Average)

Threatened species (CT1) 0.166 0.102 0.157 0.333 0.190

Ecological important species (hubs of
network) (CT2) 0.282 0.173 0.139 0.181 0.194

Species of use to human (CT3) 0.459 0.547 0.435 0.300 0.435

Species with non-use values (CT4) 0.093 0.178 0.270 0.186 0.82
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Table A2. Cont.

c: Geometric mean of the four CTs of the species-based approach on actual/current performance

Threatened
species
(CT1)

Ecological important species (hubs of network)
(CT2)

Species of use to human
(CT3)

Species with
non-use values

(CT4)

Threatened species (CT1) 1 0.63 0.49 1.28

Ecological important species (hubs of
network) (CT2) 1.59 1 0.32 1.12

Species of use to human (CT3) 2.04 3.13 1 1.22

Species with non-use values CT4) 0.78 0.89 0.82 1

d: Row average operation of the four CTs of the species-based approach on actual/current performance

Threatened
species
(CT1)

Ecological important
species (hubs of

network)
(CT2)

Species of use to
human
(CT3)

Species with non-use
values
(CT4)

Priority Index
(Row Average)

Threatened species (CT1) 0.185 0.112 0.186 0.277 0.190

Ecological important species (hubs of
network) (CT2) 0.294 0.177 0.122 0.242 0.209

Species of use to human (CT3) 0.377 0.550 0.380 0.264 0.393

Species with non-use values (CT4) 0.014 0.158 0.312 0.216 0.175

e: Geometric mean of the two CTs of the area-based approach on expectation/capacity building

Endemic areas (hotspots) CT5) Non-endemic areas (CT6)

Endemic areas (hotspots) (CT5) 1 1.54

Non-endemic areas (CT6) 0.65 1

f: Row average operation of the two CTs of the area-based approach on expectation/capacity building

Endemic areas (hotspots) (CT5)
Non-endemic areas

(CT6) Priority Index (Row Average)

Endemic areas (hotspots) (CT5) 0.606 0.606 0.606

Non-endemic areas (CT6) 0.394 0.394 0.394

g: Geometric mean of the two CTs of the area-based approach on actual/current performance

Endemic areas (hotspots) (CT5) Non-endemic areas
(CT6)

Endemic areas (hotspots) (CT5) 1 1.00

Non-endemic areas (CT6) 1.00 1

h: Row average operation of the two CTs of the area-based approach on actual/current performance

Endemic areas (hotspots) (CT5)
Non-endemic areas

(CT6) Priority Index (Row Average)

Endemic areas (hotspots) (CT5) 0.5 0.5 0.5

Non-endemic areas (CT6) 0.5 0.5 0.5

i: Geometric mean of the three CTs of the ecosystem-service-based approach on expectations/capacity building

Water (CT7) Land (CT8) Living Resources (CT9)

Water (CT7) 1 0.28 0.43

Land (CT8) 3.59 1 0.47

Living Resources (CT9) 2.32 2.15 1

j: Row average operation of the three CTs of the ecosystem-service-based approach on expectation/capacity building

Water
(CT7)

Land
(CT8)

Living Resources
(CT9)

Priority Index (Row Average)

Water (CT7) 0.104 0.154 0.104 0.204

Land (CT8) 0.374 0.194 0.114 0.251

Living Resources (CT9) 0.242 0.417 0.243 0.273
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Table A2. Cont.

k: Geometric mean of the three CTs of the ecosystem-service-based approach on actual/current performance

Water (CT7) Land (CT8) Living Resources (CT9)

Water (CT7) 1 1.19 0.84

Land (CT8) 0.84 1 0.85

Living Resources (CT9) 1.19 1.18 1

Column Total 3.03 3.37 2.69

l: Row average operation of the three CTs of the ecosystem-service-based approach on actual/current performance

Water
(CT7)

Land
(CT8)

Living Resources
(CT9)

Priority Index (Row Average)

Water (CT7) 0.213 0.288 0.230 0.121

Land (CT8) 0.255 0.237 0.262 0.247

Living Resource (CT9) 0.253 0.286 0.273 0.268

Appendix B

Step 11: Establish Input–Output Relationship of the Biodiversity Conservation Approaches

Practically, the importance of this model is utilized here to show such interdependence
using:

x = (I − A)−1d (A1)

where

x = vector of total output (dependence vector);
I = identity matrix;
A = matrix of coefficients aij (geometric mean of the Delphi data);
d = vector of final demand (α matrix which is the priority indices on expectations of the
BCAs).

Since the interflow matrices (I − A) have a multiplicative inverse, then this depicts a
linear system of equations having a unique solution, and so, given final demand vectors,
we find the needed output.

Appendix C

Step 12: Formulating Linear Programming (LP)

Let rk represent the resource need for BCAk where k (the decision variables) = 1, 2, 3.

R =
3

∑
k=1

rk (A2)

where R = objective function and r = coefficient of objective function corresponding to the
decision variables.

Then:
wk =

rk
R

(A3)

where wk = the vector of the decision variables to be determined.
The specific objective here is to maximize the use of resources for the BCA in order

to minimize depletion of biological diversity. Therefore, following Satty and Alexander
(1981), Madu and Madu (1993) and Madu et al. (2017), an LP model can be established
more compactly as:

Max βTw (A4)

Subject to:

0 ≤ wk ≤ rk
R

(A5)
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and
3

∑
k=1

wk = 1 (A6)

where w is a real matrix that corresponds to the coefficients on k1, k2 and k3 in the constrains
of the LP problem, and Max βTw is the objective function.
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Abstract: Napier grass is an energy crop that is promising for future power generation. Since Napier
grass has never been planted extensively, it is important to understand the impacts of Napier grass
plantations on local energetic, environmental, and socioeconomic features. In this study, the soil
and water assessment tool (SWAT) model was employed to investigate the impacts of Napier grass
plantation on runoff, sediment, and nitrate loads in Songkhla Lake Basin (SLB), southern Thailand.
Historical data, collected between 2009 and 2018 from the U-tapao gaging station located in SLB
were used to calibrate and validate the model in terms of precipitation, streamflow, and sediment.
The simulated precipitation, streamflow, and sediment showed agreement with observed data, with
the coefficients of determination being 0.791, 0.900, and 0.997, respectively. Subsequently, the SWAT
model was applied to evaluate the impact of land use change from the baseline case to Napier grass
plantation cases in abandoned areas with four different nitrogen fertilizer application levels. The
results revealed that planting Napier grass decreased the average surface runoff and sediment in the
watershed. A multidisciplinary assessment supporting future decision making was conducted using
the results obtained from the SWAT model; these showed that Napier grass will provide enhanced
benefits to hydrology and water quality when nitrogen fertilizers of 0 and 125 kgN ha−1 were applied.
On the other hand, the benefits to the energy supply, farmer’s income, and CO2 reduction were
highest when a nitrogen fertilization of 500 kgN ha−1 was applied. Nonetheless, planting Napier
grass should be supported since it increases the energy supply and creates jobs while also reducing
surface runoff, sediment yield, nitrate load, and CO2 emission.

Keywords: SWAT model; water quality; hydrology; fertilizer application; Songkhla Lake Basin

1. Introduction

The increase in fossil-fuel-based energy consumption has resulted in an energy crisis
and a critical state of global warming in the 21st century. Finding a new energy source that
is renewable, clean, and sustainable has thus become an urgent task. Among the candidates
suitable for such clean energy, biogas, which is a gaseous fuel obtained from the decom-
position of organic matter, has received widespread attention [1–3]. Biogas feedstocks can
be found in a variety of forms, such as agricultural residues, forestry byproducts, animal
waste, and dedicated energy crops. Biogas energy derived from dedicated energy crops can
be considered carbon-neutral because although carbon is released during the process of
power generation, the same amount of carbon is absorbed by the crops during their growth.
The advantages of biogas are not limited to carbon neutrality—it also has higher yields and
a shorter life cycle, thus promising a stable fuel supply. However, for the widespread use

Sustainability 2021, 13, 13520. https://doi.org/10.3390/su132413520 https://www.mdpi.com/journal/sustainability65
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of these renewable energy crops, there are several aspects to be considered prior to making
decisions regarding land use change for energy plantations, in order to avoid unforeseen
socioeconomic and environmental issues [4–7].

Utilizing bioenergy can directly satisfy the Sustainable Development Goals (SDGs)
suggested by the United Nations Development Programme (UNDP), namely, SDG 7
(affordable and clean energy), SDG 8 (decent work and economic growth), and SDG 13
(climate action). However, there are several SDGs that are indirectly related to the use of
bioenergy, since planting new dedicated energy crops would affect water and land. For
example, SDG 6 ensures safe and affordable drinking water and freshwater supplies, while
SDG 15 conserves and restores terrestrial and freshwater ecosystems. This highlights the
importance of a multidisciplinary assessment for the safe introduction of bioenergy as an
alternative energy source.

Napier grass (Cenchrus purpureus Schumach.) is one of the popular perennial grasses
used in biogas-based power generation [8–13]. It possesses many desirable characteristics for
energy crops, such as a short life cycle, relatively high methane content, and high water use
efficiency [14–16]. Additionally, it has been reported that perennial grasses can help reduce
nitrate transport into the soil, which is a waterborne pollutant [17]. Furthermore, Napier grass
can grow well under flooded soil conditions, making it suitable for use in water pollution
treatment [18]. Although Napier grass can serve as an alternative fuel source and reduce
carbon emissions, there are concerns over the impacts of such a crop on the local soil and
water, due to changes in land use and intensive agricultural practices [19–21].

To investigate the impacts of land use changes on the local soil and water, the soil and
water assessment tool (SWAT) model is one of the most promising models. Dos Santos et al. [22]
utilized the SWAT model to investigate the impacts of land use changes on streamflow and
sediment yield and discuss ways to consider future land use conditions in the Atibiai River
basin, Brazil. The results provided useful information for proposing improvements in the basin’s
environmental quality and management. The SWAT model was also applied to assess the impact
of changes in agricultural management practices on nitrate loads by Epelde et al. [23]. They
found that the trends of nitrogen surplus in the system generally increased as the fertilization
input increased. The effects of replacing conventional crops with Miscanthus on riverine
nitrate load were investigated by Ng et al. [24] using the SWAT model. The results revealed
that the nitrate load tended to decrease when replacing conventional crops with Miscanthus.
Similarly, using the SWAT model, Cibin et al. [25] investigated the impacts of bioenergy crops
on hydrology and water quality. The study also found that perennial grass reduced pollutant
load at the watershed outlet. This suggested that the study on the impacts of land use changes
on the local soil and water is currently of interest.

In our previous study that evaluated the land potential for Napier grass cultivation,
the dry matter yield (DMY) was estimated using the SWAT model [26]. The SWAT model
successfully estimated the Napier grass DMY in Thailand, with a coefficient of determi-
nation of 0.951; the results also show that southern Thailand had the highest average
DMY. In our continued study [27], we integrated the land suitability map, obtained from a
multicriteria decision analysis, and the spatial distribution of DMY to assess the suitability
of a site for Napier-grass-based biogas power plants in southern Thailand. The location of
biogas power plants and their distance from roads, residential areas, waterbodies, their
access to the electricity grid, and their supply of feedstock were all considered during
the site suitability analysis. The results revealed that, using only Napier grass from aban-
doned areas, five biogas power plants could be built with a total contracted capacity of
420 MW. This highlights that Napier grass can significantly reduce Thailand’s dependency
on imported electricity.

Although Nantasaksiri et al. [26,27] suggested that Napier grass possesses massive
potential in biogas-based power generation in southern Thailand, with a few socioeco-
nomic and environmental criteria considered, a study on the impacts of Napier grass on
hydrology and water quality is yet to be performed. Moreover, the factors to be considered
should not be limited to hydrology and water quality because there are several varied
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parties involved: The government will likely focus on energy supply, CO2 reduction, and
sustainability, while the local community and farmers are likely most interested in job
creation and income. Hence, the broad objective of this study was to investigate the effects
of different management practices for Napier grass plantations on surface runoff, sediment
yield, and nitrate load in southern Thailand using the SWAT model. Based on the results
obtained, a multidisciplinary assessment for supporting adequate decision making to
utilize Napier grass as a feedstock for biogas-based power generation was carried out to
comparatively assess the advantages and disadvantages of various cases of cultivation
practices with different fertilizing levels. The results from this study provide a logical
framework to support decision making for implementing new dedicated energy crops as a
biogas feedstock, which is useful for the transition toward a renewable and sustainable
energy society.

2. Materials and Methods

2.1. Study Site

The Songkhla Lake Basin (SLB), shown in Figure 1, was selected as the study site
since our previous study had found three potential sites suitable for biogas-based power
plants here [27]. This basin is located in southern Thailand and lies within three provinces,
namely, Phattalung, Songkhla, and Nakhonsithammarat, and has an area of approximately
8157 km2. The elevation of the watershed ranges from 0 to 1334 m above sea level, and the
average annual precipitation is 1992 mm. In this watershed, the annual average temperature
is 27.4 ◦C; the highest average temperature (33.9 ◦C) was observed in April, and in October,
the average temperature was found to be lowest (23.0 ◦C). The average relative humidity
for the SLB was 81.0%. The major land uses in the basin are agricultural (60.46%), forest
(13.79%), and water bodies (13.54%). Southern Thailand is famous for latex production,
and 41.33% of the total area in this basin is utilized for the Pará rubber tree plantation.
The largest natural lake in Thailand, i.e., Songkhla Lake, is located in the SLB. Among
the chain of lagoons that form Songkhla Lake, the northernmost lagoon, i.e., Thale Noi,
was declared a protected freshwater wetland in 1975. In addition, the Kuan Ki Sian knoll
in the non-hunting area was declared a wetland of international importance in 1998 by
the Ramsar Convention. Approximately 1.5 million people live in the basin, resulting
in the rapid degradation of natural resources in the area because of economic activities.
Because many parts of the SLB are wetlands, the area is highly susceptible to flooding and
landslides, and several studies have focused on combating these issues [28,29].

2.2. Model Description

The SWAT model, a continuous time- and process-based watershed model, was
used to examine the impacts of Napier grass plantations on the hydrology and water
quality within SLB. A detailed description of the SWAT model used for calculating Napier
grass DMY can be found in our previous study [26]. Based on the SWAT theoretical
documentation [30], surface runoff, sediment yield, and nitrate load, which are considered
indicators of environmental burdens corresponding to flood, erosion, and water pollution,
respectively, were calculated. The surface runoff Qsur f (mm day−1) is described using the
following equation:

Qsur f =

(
Rday − 0.2S

)2

Rday + 0.8S
(1)

where Rday is the rainfall depth for the day (mm day−1) and S is the retention parameter
(mm day−1), which is defined as:

S = 25.4
(

1000
CN

− 10
)

(2)
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where CN is the curve number for the day. The curve number CN is an important parameter
for calculating surface runoff, depending on the hydrologic soil group and land use. In
the SWAT model, a higher curve number indicates a higher runoff potential, and a lower
number indicates greater retention.

To calculate sediment yield sed (in metric tons), the modified Universal Soil Loss
Equation (MUSLE) equation was used. In this approach, the sediment yield is a function of
the surface runoff Qsur f . The MUSLE equation can be expressed as:

sed = 11.8
(

Qsur f qpeak Ahru

)0.56
K·C·P·LS·CFRG (3)

where qpeak is the peak runoff rate (m3 s−1), Ahru is the area of the hydrological response
unit (HRU) (ha), K is the USLE soil erodibility factor, C is the USLE cover and management
factor, P is the USLE support practice factor, LS is the USLE topographic factor, and CFRG
is the coarse fragment factor.

The total nitrate content assessed in the SWAT model is an integrated contribution of
fertilizer, manure application, bacterial attachment, mineralization, atmospheric deposition,
plant uptake, leaching, volatilization, denitrification, and erosion. Because there are several
equations involving calculations of the nitrate cycle, the SWAT model’s description was
carefully summarized by Hass et al. [31], which will not be repeated here. The total nitrate
balance in a period, ΔN (kgN ha−1), was calculated using Equation (4), i.e., the difference
between nitrate input into the nitrate pool and the nitrate used by agricultural activities:

N =
(

Nf ert + Nhum + Nmin + Natm

)
−

(
Ndenit + Nup + Nleach + Nsur f + Nlat f

)
(4)

where Nf ert is the amount of nitrate in fertilizers, Nhum is the nitrogen mineralization from
the humus active organic nitrogen pool (the amount of nitrogen moving from the active
organic to nitrate pool in the watershed), Nmin is the nitrogen mineralization of the fresh
organic nitrogen pool (the amount of nitrogen moving from fresh organic, i.e., residue to
the nitrate pool in the watershed), Natm is the nitrate from atmospheric deposition, Ndenit is
the nitrate from denitrification, Nleach is nitrate percolation through the bottom layer of the
soil profile in the watershed, Nsur f is the nitrate loading to stream in the surface runoff in
the watershed, and Nlat f is the nitrate loading to stream in the lateral flow in the watershed.
The unit of all the above terms is in kgN ha−1.

Hass et al. [31] found that the nitrogen uptake distribution, or βn, was strongly
correlated with the nitrate concentration in crops. In the periods of increased nitrate uptake
by plants in the root zone, the dominant phases of the nitrogen uptake distribution βn were
observed, which indicated that the crops consumed nitrate. SWAT calculates the nitrogen
removed from the soil by plants by taking nitrogen from the nitrate pool [30]. If the nitrates
in the upper layers of the soil was insufficient, the nitrates in the root zone were allowed to
fully compensate for it. The actual amount of nitrogen removed from the soil, Nactualup,ly,
is calculated using Equation (5):

Nactualup,ly = min
[

Nup,ly + Ndemand, NO3ly

]
(5)

with:
Nup,ly = Nup,zl − Nup,zu

where Nup,ly is the potential nitrogen uptake for layer ly (kgN ha−1), Ndemand is the nitrogen
uptake demand not met by overlying soil layers (kgN ha−1), NO3ly is the nitrate content
of the soil layer ly (kgN ha−1), Nup,zl is the potential nitrogen uptake from the soil surface
to the lower boundary of the soil layer (kgN ha−1), and Nup,zu is the potential nitrogen
uptake from the soil surface to the upper boundary of the soil layer (kgN ha−1).
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To calculate the potential nitrate uptake Nup,z, from the soil surface to the depth z,
Equation (6) is used:

Nup,z =
Nup

[1 − exp(−βn)]

[
1 − exp

(
−βn· z

zroot

) ]
(6)

with:
Nup = min

[
bioN,opt − bioN , 4 f rN,3Δbio

]
and

bioN,opt = f rNbio

where Nup is the potential nitrogen uptake (kgN ha−1), βn is the nitrogen uptake dis-
tribution parameter, z is the depth from the soil surface (mm), zroot is the depth of root
development into the soil (mm), bioN,opt is the optimal mass of nitrogen stored in plant
material for the current growth stage (kgN ha−1), bioN is the actual mass of nitrogen stored
in plant material (kgN ha−1), f rN is the normal fraction of nitrogen in the plant biomass,
Δbio is the potential increase in total plant biomass on a given day (kg ha−1), bio is the
total plant biomass on a particular day (kg ha−1), and subscript 3 indicates the maturity
growth tage.

Figure 1. Map of the study area (Songkhla Lake Basin) in southern Thailand and the location of U-tapao
canal gauging station.

2.3. Data Used

For ease of calculation, the watershed was divided into small units called HRUs. An
HRU is the smallest spatial unit that consists of a unique load combination of land use,
soil type, and slope. Figure 2 display the geographical data used in this study, including
land use and elevation. To determine the slope, slope length, and stream network of each
basin, digital elevation model (DEM) data with a resolution of 30 m was extracted from
CGIAR CSI [32], as shown in Figure 2a. The topographical map thus obtained needed
to be integrated with soil and land use maps to obtain HRUs in the area of interest. To
integrate these data, all maps were converted to a raster dataset with a resolution of 50 m.
The spatial distribution of soil types was provided by the FAO-UNESCO harmonized
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world soil database [33]. Figure 2b displays the land use map from the Land Development
Department (LDD) of Thailand used in this study. To calculate plant growth and water
and nitrate cycles occurring in the watershed, weather data from the National Centers for
Environmental Prediction (NCEP) called Climate Forecast System Reanalysis (CFSR) [34]
were used, which was recommended by SWAT developers and various studies utilized to
predict crop production, streamflow, sediment yield, and nitrate load [35–37]. These data
include the maximum and minimum temperatures, precipitation, solar radiation, and wind
speed. Since the data from NCEP were available only from 1979 to 2014, a daily weather
generator algorithm (dGEN) of the SWAT model was used to generate weather data during
the rest of the calculation period. The CFSR data are provided on a Gaussian grid, defined
by the NCEP, with a horizontal resolution of 38 km (0.3125◦); the vertical resolution was
not equally spaced. By combining the abovementioned data, we obtained ready-to-use
data of the watershed of interest.

Figure 2. Maps of (a) elevation and (b) land use in Songkhla Lake Basin.

2.4. Model Calibration and Validation

To obtain a reliable prediction, the model must be carefully calibrated and validated.
The main focus of this study was to investigate the effects of Napier grass plantations on
hydrology and water quality; hence, streamflow and sediment yield observations were
used for the calibration and validation. Since weather data greatly affected the simulation
outputs, and since it is unclear if the weather data, including the maximum and minimum
temperature, precipitation, solar radiation, and wind speed, generated by dGEN resembled
the actual historical data, precipitation was also included in the calibration and validation
processes. Only precipitation was selected for the process because it significantly affected
the simulation outputs of the hydrological model, and because precipitation observation
data were available. Although there are several gauging stations in the Songkhla basin,
data on the hydrology, water quality, and precipitation of most stations are not publicly
available. To the best of our knowledge, the only station that can be readily accessed for
streamflow, sediment yield, and precipitation data is the U-tapao canal gaging station
(6◦55′52.32′′ N, 100◦26′24.72′′ E, see Figure 1). Therefore, the monthly streamflow, sediment
yield, and precipitation data from the station during 2009–2018 were used for calibration
and validation.
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For simulation using the SWAT model, there were several parameters affecting hydrol-
ogy, water quality, and precipitation, and approximately 13 parameters exist that are related
to the output of interest. With such a large number of parameters, it is difficult to perform
manual calibration. Therefore, to perform the calibration, four steps were used to adjust
the parameters. In the first step, previous studies [22,23,38,39] were reviewed to identify a
range of parameters and sensitive parameters. Then, as a starting point, a simulation was
performed using the default values suggested by the SWAT. Subsequently, the sensitive pa-
rameters were calibrated manually, similar to the manual calibration in Mengistu et al. [40]
and Arnold et al. [41], except for the curve number that dos Santos et al. [22] suggested for
multiplying the default numbers by 0.7. Finally, when needed, the input parameters were
re-adjusted within reasonable parameter ranges obtained from the first step, and the process
was repeated until satisfactory results were obtained. The coefficient of determination (R2)
of streamflow, sediment yield, and precipitation was used as an objective function, and the
criterion for judging the quality of calibration was to identify the set of parameters that
improved R2 of all outputs to the desirable value of 0.70. The calibrated values are presented
in Table 1. After a set of reliable parameters was obtained, the SWAT model was validated
using three statistical parameters: the Nash–Sutcliffe model efficiency index (NSE), percent
bias (PBIAS), and R2.

Table 1. Summary of calibrated SWAT parameters.

Parameter File Description (Unit) Default Range
Previous Studies

[33–36]
Default Value Calibrated Value

H
yd

ro
lo

gy

CN2 .mgt SCS runoff curve number 0–100 Default ×0.7
depends on

soil and
land use

55–69

ESCO .hru Soil evaporation compensation factor 0–1 0.6–0.9 1 0.9
CANMX .hru Maximum canopy storage (mm) 0–100 15–80 0 20

ALPHA_BF .gw Baseflow recession constant 0.0071–0.0161 0.01–0.048 0.048 0.048
GW_REVAP .gw Ground water revap coefficient 0–0.4 0.13–0.04 0.003 0.04
GW_DELAY .gw Ground water delay (days) 0–500 14–500 31 14

REVAPMN .gw Threshold depth of water in shallow aquifer for
revap to occur 0–1000 250–500 750 500

EVRCH .bsn Reach evaporation adjustment factor 0.5–1 0.5–0.9 1 0.9
SURLAG .bsn Surface runoff lag coefficient 0.05–24 15 4 15

Se
di

m
en

t SPCON .bsn
Linear parameter for calculating the maximum

amount of sediment that can be re-entrained
during channel sediment routing

0.0001–0.01 0.001–0.008 0.0001 0.001

LAT_SED .hru Sediment concentration in lateral flow and
groundwater flow 0–5000 5.7–3000 0 3000

CH_COV1 .rte Channel erodibility factors 0–0.6 0.1–0.17 0 0.1
CH_COV2 .rte Channel cover factors 0–1 0.1–0.6 0 0.6

Pr
ec

ip
it

at
io

n

rexp - The exponent of the exponential distribution 1.0–2.0 - - 1.3

2.5. Napier Grass Plantation Cases and Calculation Setting

The land use in the SLB at present (i.e., the baseline) and in case of Napier grass
plantation are shown in Table 2. The non-hunting area must be preserved, and thus cannot
be used for planting Napier grass. To avoid conflicts with existing industrial, urban,
economical, and agricultural lands, only abandoned areas were considered for Napier
grass plantations It should be noted that land used for agricultural purposes was found to
decrease because those areas were considered abandoned agricultural lands by the LDD.
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Table 2. The area of land use types in the baseline case, which is current agricultural land use, and the cases where the
abandoned areas were utilized to plant Napier grass in Songkhla Lake Basin.

Land Use Type
Baseline Case Napier Grass Case

%Change
Area (ha) % Area (ha) %

Rice 118,769.9 14.6 113,769.9 13.9 −4.2
Rubber Trees 347,112.5 42.6 337,112.5 41.3 −2.9

Oil Palm 5592.5 0.7 5592.5 0.7 0.0
Agricultural Land 31,624.8 3.9 28,624.8 3.5 −9.5

Forest—Mixed 112,485.4 13.8 112,485.4 13.8 0.0
Residential—Med/Low Density 46,483.2 5.7 46,483.2 5.7 0.0

Water 110,469.8 13.5 110,469.8 13.5 0.0
Miscellaneous area 2394.9 0.3 2394.9 0.3 0.0

Abandoned area 40,800.5 5.0 0 0.0 −100.0
Napier grass 0.0 0.0 58,800.5 7.2 –

Total area 815,733.5 100.0 815,733.5 100.0

Since the growth of Napier grass is highly dependent on management practices [42],
particularly on the amount of nitrogen fertilizer applied, a total of four cases were for-
mulated, in each of which the amount of the applied nitrogen fertilizer varied from 0 to
500 kgN ha−1, at four levels. These values were obtained from studies by the Animal Nutri-
tion Division, the Department of Livestock Development, and the Ministry of Agriculture
and Cooperatives, and were published between 1993 and 2005 [43–51]. It was found that
nitrogen fertilizer could increase Napier grass DMY by up to three times the DMY without
the fertilizer [43–51]. However, it is unclear if such a large amount of fertilizer negatively
impacts the environment in any way. The purpose of this variation was to investigate the
impact of such an intensive fertilizer. These cases were applied to the ready-to-use data for
the watershed of interest (as described above) to evaluate the impacts of different nitrogen
fertilizer levels on Napier grass DMY, streamflow, sediment yield, and nitrate load.

In this study, the calibration period was from 2009 to 2013, while data from 2014 to
2018 were used for validation. Five warm-up years were used in the model initialization, as
suggested by Tudose et al. [52], and the investigation was carried out over 10 years. Since
the preset parameters for Napier grass plantation did not exist in the original SWAT model,
a parameter set for predicting Napier grass crop yield must be developed. The simulation
setup, model calibration, and validation were described in our previous study [26] and will
not be repeated here. Since the models for other land uses were well established, the default
setups for each land use suggested by SWAT were applied, except for the abandoned and
miscellaneous areas that were not defined in SWAT. These areas were assumed to have a
low agricultural area based on but the fact that little agricultural activity has been observed
in the area. Changes between the parameter set of abandoned land and Napier grass
cultivation are listed in Table 3.

Table 3. SWAT model parameters for abandoned land and Napier grass cultivation.

Category Parameter Definition Abandoned Land Napier Grass

Land cover/plant

IDC Land cover/plant classification 6 (perennial) 6 (perennial)
BIO_E Radiation use efficiency 30 38

CHTMX Maximum canopy height (m) 0.9 2.5
RDMX Maximum root depth (m) 1.3 2.2

Runoff
CANMX Maximum canopy storage (mm) 20 (calibrated) 20

CN Curve number 65 (calibrated) 55

Sediment USLE_C Minimum USLE crop factor 0.003 0.003

Fertilizer
FMINN Fraction of mineral N (NO3 and NH4) in fertilizer

(kg min-N/kg fertilizer) 0 0.46

FORGN Fraction of organic N in fertilizer (kg org-N/kg fertilizer) 0 0

FNH3N Fraction of mineral N in fertilizer applied as ammonia
(kg NH3-N/kg fertilizer) 0 0
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2.6. Multidisciplinary Assessment Supporting Decision Making for Utilizing Napier Grass

Since solely considering the impact of Napier grass plantations on land is insufficient
for decision making, this study considers impacts such as energy supply, carbon reduction,
and benefits to farmers, in addition from hydrological impacts, in order to provide a
better overview for decision making. From the simulation results obtained from the SWAT
model, Napier grass DMY was utilized to evaluate energy supply, carbon reduction, and
farmer benefits.

For energy supply, based on our previous study [27], approximately 11.1 kt-DMY
was required for generating 1 MW of electricity. This is based on the assumption that a
methane yield of 242 m3 can be obtained from 1 ton of Napier grass DMY [9]. In addition,
a methane energy density of 40 MJ m−3 [53] and an energy conversion efficiency of 30% was
assumed; the potential power generation could be conveniently evaluated using a factor
of 11.1 kt-DMY MW−1. Beyond the benefit of obtaining electricity, Napier-grass-based
power generation could serve as a substitute for conventional power generation derived
from fossil fuels. In a previous study [54], by utilizing Napier-grass-derived natural gas
for electric generation instead of fossil fuels, approximately 60% of CO2 emissions could
be reduced (i.e., from 1080 to 450 kgCO2 MWh−1). Therefore, the CO2 reductions were
estimated by multiplying the derived power generation by the reduced CO2 emissions.

Using Napier grass as a biogas feedstock not only helps reduce CO2 emissions but
also provides benefits to farmers. Currently, the Napier grass purchase price in Thailand is
approximately 300 Baht (t-fresh biomass) −1 (equivalent to 1500 Baht t-DMY−1). Further-
more, the cost of nitrogen fertilizers was only approximately 30 Baht kgN−1 at the time of
this study. This is a relatively high purchase price with a relatively low additional cost and,
thus, it was encouraging for farmers to aim to achieve more production per area. This could
lead to environmental problems owing to the overutilization of nitrogen fertilizers. There-
fore, the tradeoff between Napier grass production and nitrate loads should be carefully
considered. The main purpose of this work is to investigate the impact of different applied
fertilizer inputs on additional revenue. The money spent on fertilizers was deducted from
the Napier grass selling price to evaluate the farmer’s operating income under different
management practices.

After all impacts, including surface runoff, sediment yield, nitrate load, energy supply,
carbon reduction, and benefits to farmers, were determined in each case, they were scaled
using max–min normalization to make it convenient for comparison. The max and min
values were set to 1.0 and 0.5, respectively. The comparison was performed using a radar
chart to enhance visibility.

3. Results and Discussion

3.1. Model Calibration and Validation

Figure 3 show the goodness-of-fit plots for the monthly streamflow, sediment yield,
and precipitation, with the initial and final parameter sets in the calibration period from
2009 to 2013. Using the manual calibration process mentioned above, the R2 of the stream-
flow increased from 0.476 to 0.714, as depicted in Figure 3a. For the sediment yield, the R2

of 0.828 from the default parameter set was improved to 0.957 (see Figure 3b). The initial
parameter set provided a reasonable prediction for precipitation, as an R2 of 0.476 was
initially achieved. However, the accuracy can be further improved after calibration, and
an R2 of 0.806 was obtained. It can be seen that the data on the top right in the F are quite
far from most of the values presented in the figure. This is due to the fact that, in the wet
season, the amount of precipitation is usually higher as compared to the rest of the year.
Although they seem to be outliers in Figure 3, considering all the data used in the study
(2005–2018, including the warm-up years), these events occurred once in a while and are
normally found. It should be noted that some points are over/underpredicted and shifted
as the model predicted that the event would occur one month before or after the actual
event (see Figure 4). However, since the objective of this study is to estimate the long-term
impacts of Napier grass plantation, the annual average of the results is sufficient for the
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estimation. Overall, it is clear that predictions can be satisfactorily improved by using the
manual calibration process; Table 1 displays the final parameter set.

Figure 3. Goodness-of-fit plots with 1:1 line comparing the observed and simulated (a) streamflow, (b) sediment, and
(c) precipitation with parameters before and after calibration during 2009–2013 at U-tapao canal gaging station. Presented R2 is
after calibration, where the orange (•) and black dots (•) indicate the predicted data before and after calibration, respectively.

Figure 4. Model calibration and validation results for (a) streamflow, (b) sediment, and (c) precipitation at Songkhla Lake
Basin at U-tapao canal gauging station, where the black solid line indicates the predicted data, and the blue dash line
indicates the observed data.

To validate the generalization performance of the calibrated model, data from 2014 to
2018 were compared with the simulation data obtained from the parameter set obtained
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after the calibration. Figure 4 compares the temporal changes in the simulated and observed
monthly streamflow, sediment yield, and precipitation obtained during calibration and
validation. The results reveal that although some parts were over/underestimated, the
model could reasonably predict the overall variation in streamflow, sediment yield, and
precipitation. There was a slight concern regarding the accuracy of the weather data
generated by the dGEN because precipitation data are generally recognized as the most
important data for hydrological analysis. To ensure that the data were of adequate quality,
careful validation was performed. It is clear that the precipitation data generated by dGEN
resembled the actual historical data, as the dGEN could predict the precipitation data from
2013–2018, with an R2 of 0.791, an NSE of 0.802, and a PBIAS of 5.15%.

With accurate weather data, it was found that the SWAT model can successfully and
accurately estimate the streamflow during 2014–2018, with an R2 of 0.900, an NSE of 0.898, and
a PBIAS of −2.46%. The negative value of the PBAIS indicates that the model overestimated
the streamflow by approximately 2.5% (on average). On the other hand, the sediment yield
at the U-tapao canal gaging station during 2014–2018 can be estimated by the SWAT model
with an R2 of 0.997, an NSE of 0.994, and a PBIAS of 4.66%. The sediment yield was positive
for the PBAIS, indicating that sediment yield was underestimated by approximately 4.7%.
Considering all the statistical indicators, the model is deemed adequate for investigating the
effects of Napier grass plantations on hydrology and water quality.

3.2. Impacts of Napier Grass Energy Plantation Cases

The impacts of different levels of applied nitrogen fertilizer on Napier grass pro-
duction, streamflow, sediment yield, and nitrate load were investigated over a period of
10 years. Figure 5 depict the spatial distribution of average Napier grass DMY planted
with different nitrogen fertilizer levels in the abandoned area in SLB. The results, as shown
in Figure 6, revealed that without applying the nitrogen fertilizer, the average DMY in
the basin was approximately 11.28 t-DMY ha−1 (i.e., 663 kt-DMY in total); however, as
the amount of applied nitrogen fertilizer increased, the DMY increased. The Napier grass
DMY can be increased to 18.19, 22.71, and 27.52 t-DMY ha−1 after the application of ni-
trogen fertilizers of 125, 250, and 500 kgN ha−1, respectively. These results align with the
hypothesis from Hazary et al. [42] that the fertilizer application rate positively affects the
production of dedicated energy crops. The DMY increased by approximately 61% when
the nitrogen fertilizer of 125 kgN ha−1 was applied; however, when the amount of fertilizer
was doubled to 250 kgN ha−1, only a 25% increase in DMY was observed. An increase in
the DMY of only 22% was achieved when the nitrogen fertilizer level was further increased
to 500 kgN ha−1. Considering the diminishing return, it is unsurprising that a fertilizer
level of 250 kgN ha−1 was recommended by the handbook from Nakhon Ratchasima
Animal Nutrition Research and Development Center [55]. Although DMY was increased
along with the amount of nitrogen fertilizer, it was not clear how it affected hydrology and
water quality. Hence, it is important to investigate its effects on surface runoff, sediment
yield, and nitrate load.

Figure 7 displays the simulated surface runoff, sediment load, and nitrate load ob-
tained from the SWAT model. The surface runoff at the SLB for different cases was inves-
tigated, as shown in Figure 7a. It is clear that planting Napier grass in abandoned areas
has a positive impact on surface runoff prevention. While reducing surface runoff may be
beneficial for flood control, it can be considered detrimental for water resources and lake
ecosystem health. This is due to the fact that the SLB is extremely prone to flooding and
landslides. Thus, the decrease in surface runoff was considered to have a positive effect on
the area. Surface runoff can be reduced by approximately 30% by Napier grass plantations.
These results concur with the results of previous studies, that show that perennials can
help reduce surface runoff [24,56]. This is due to the fact that most studies replaced row
crops with perennials, and the perennials have better soil cover. In this study, abandoned
areas were used in Napier grass plantations; based on Equations (1) and (2), the surface
runoff Qsur f is a function of the curve number. The curve number directly reflects the
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characteristic land cover and hydrologic soil groups. When the abandoned areas were
replaced by Napier grass, the curve number decreased from 65 to 55, resulting in better
water retention. The lower curve number is likely due to the large transpiration rate of the
Napier grass. While the surface runoff greatly decreased with the Napier grass plantation,
no significant differences between the case of different applied nitrogen fertilizer levels
were observed. This is because the increase in the vertical growth of Napier grass did not
affect the lateral soil coverage, which is a key factor in reducing surface runoff [28].

Figure 5. Spatial distribution of Napier grass DMY from abandoned areas in Songkhla Lake Basin under different nitrogen
fertilizer application levels of (a) 0, (b) 125, (c) 250, and (d) 500 kgN ha−1.

Figure 6. Box plots of Napier grass DMY from abandoned areas in Songkhla Lake Basin under
different nitrogen fertilizers of 0, 125, 250, and 500 kgN ha−1.
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Figure 7. Average annual (a) surface runoff, (b) sediment load, and (c) nitrate load of Songkhla Lake Basin for 10 years
timespan, where black, yellow, red, green, and blue solid lines indicate the baseline case and the Napier grass plantation
cases with the nitrogen fertilizer applications of 0, 125, 250, and 500 kgN ha−1, respectively.

Figure 7b displays the sediment yield for the different planting scenarios at the
SLB. The sediment yield decreased when abandoned areas were used for Napier grass
plantations. This has a positive impact, as the sediment yield is strongly related to soil
erosion. The decrease in sediment yields implied that water bodies would be less polluted
by soil erosion; sediment yield was significantly reduced, by approximately 50%. When
different nitrogen fertilizer levels were applied, no significant differences were observed.
These results were similar to those of the surface runoff presented above. It is unsurprising
that the SWAT model utilizes the MUSLE equation (see Equation (3)), where the surface
runoff volume and peak flow rate were used while calculating sediment yield. In addition
to these two factors, the USLE cover and management factor C are the only parameters that
change with land use, which involves only the impacts of crop type and tillage method.
Since the applied fertilizer level did not affect the USLE cover and management factor C,
it is unsurprising that the sediment yield was not affected by the different fertilizer levels.
It is worth noting that the USLE_C, which is the minimum USLE crop factor, is the same for
abandoned areas as well as Napier grass plantations, as shown in Table 3. This is because
the crop types considered in the abandoned and Napier grass plantation areas were the
same. A USLE_C of 0.003 was suggested as a default value for perennials; however, the
USLE cover and management factor C could be different because it was calculated based on
the USLE_C by considering the seasonal effects. Moreover, Singh et al. [57] suggested that
the USLE cover and management factor C are the least influential parameters in sediment
yield calculation.

For the nitrate loads calculated as the sum of leaching and loading to the water stream
by surface runoff and lateral flow, the average nitrate loads over SLB with different planting
cases are shown in Figure 7c. The results revealed that the nitrate loads can be reduced
slightly when fertilizer rates of 0 and 125 kgN ha−1 were applied. The reduction in nitrate
loads is in agreement with the results of previous studies, which indicated that dedicated
energy crops consume much nitrogen for growth [42]. In addition, several studies have
shown that perennials can help reduce nitrate loads [24,25,58,59]; however, the nitrate loads
increased slightly when the amount of applied nitrogen fertilizer exceeded 250 kgN ha−1.
Although a large amount of nitrogen fertilizer was applied in the cultivation, the nitrate
loads, as compared to the baseline (see above), increased by approximately 1.13% and
2.32% for the applied fertilizer rates of 250 kgN ha−1 and 500 kgN ha−1, respectively.
This can be explained by the total nitrate balance summarized in Table 4. It is clear that
nitrogen uptake by plants was the most influential nitrogen removal process. Because of
diminishing returns, Napier grass cannot consume all the applied fertilizer for the case of
250 and 500 kgN ha−1, resulting in surplus nitrogen in the considered area.
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Table 4. Soil system nitrate balance of the baseline and Napier grass plantation cases with four fertilizer application levels
in the SLB. Values are expressed per hectare of the whole basin (kg-N ha−1 y−1), including all land uses in the basin.

Item Baseline
Napier Grass Plantation

0 kgN ha−1 125 kgN ha−1 250 kgN ha−1 500 kgN ha−1

Inputs
Fertilizer application 39.88 39.88 42.90 47.15 51.88

Humus mineralization 9.36 9.06 9.31 10.15 10.31
Residue mineralization 6.78 6.37 6.76 8.12 8.94
Atmospheric deposition 0.26 0.26 0.26 0.26 0.26

∑ Inputs 56.28 55.58 59.23 65.68 71.39

Outputs
Denitrification 3.65 3.65 4.00 5.65 6.44
Nitrate uptake 37.64 37.84 40.37 43.64 47.51
Nitrate leached 13.86 13.34 13.86 14.53 14.58

Nitrate loading to stream
in surface runoff 1.19 1.16 1.20 1.29 1.38

Nitrate loading to stream
in lateral flow 0.04 0.04 0.04 0.04 0.04

∑ Outputs 56.39 56.03 59.47 65.15 69.95

∑ Inputs − ∑ Outputs −0.11 −0.45 −0.24 0.53 1.44

To obtain a better basis for decision making, a multidisciplinary evaluation was carried
out to compare the advantages and disadvantages of different planting cases. Figure 8
shows the radar chart of the evaluation indicators, including surface runoff, sediment
yield, nitrate load, energy supply, farmer income, and CO2 reduction for different planting
cases. The results revealed that although applying nitrogen fertilizers of 500 kgN ha−1

provided the highest benefits in energy supply, farmer’s incomes, and CO2 reduction,
it also performed the worst in hydrological indicators among the different planting cases
considered in this study. Together with the case of 250 kgN ha−1 nitrogen fertilization,
these were the only two cases that performed worse than the baseline upon increasing the
amount of nitrate load into the system. On the other hand, without the applied fertilizer,
benefits from Napier grass were in contrast with that of the case when nitrogen fertilization
of 500 kgN ha−1 was applied. This suggests that there is a trade-off between hydrological
indicators and other factors, including energy supply, farmer income, and CO2 reduction.
The case in which nitrogen fertilization of 125 kgN ha−1 was applied would be a better
choice as it was more balanced in all indicators.

Overall, from the simulated results of this study, Napier grass plantation in the
abandoned land in SLB resulted in a decrease in surface runoff and sediment yield, which is
beneficial to the water cycle control in SLB since the SLB is prone to flooding and landslides.
In addition, nitrate loads were shown to be reduced in the Napier grass plantation cases
with modest fertilizer applications. The socio-economic indicators supported utilizing
abandoned areas in southern Thailand to plant Napier grass for biogas-based power
generation, which can help reduce the dependency on imported electricity and provide
additional income and/or job opportunities for local people. However, it should be noted
that the decrease in surface runoff, sediment yield, and nitrate load does not always have a
positive impact on ecosystem health in areas that are not susceptible to flooding and landslides.
Therefore, prior to the introduction of new dedicated energy crops, it is important to assess
the impacts on land, ecosystems, and other criteria unique to the area of interest. Although
there are several potential benefits to be obtained from Napier grass plantations, it is unclear
if the Napier grass-related businesses will be economically sustainable. In this study, the
analysis was not quantitative because the importance of all evaluation indicators could not be
adequately compared. Therefore, a further study on the economic perspective of introducing
Napier grass as a biogas feedstock for power generation should be carried out; such a study
is already ongoing within our research group.
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Figure 8. Comparison of the evaluation indicators of baseline and Napier grass plantation cases on
surface runoff, sediment yield, nitrate load, energy supply, farmer income, and CO2 reduction. The
indicators were scaled by the max–min normalization of the values, where max and min values were
set to be 1.0 and 0.5, respectively.

4. Conclusions

To introduce new crops for specific purposes, such as bio-energy resources, it is impor-
tant to consider their impacts on environmental and socioeconomic benefits. In this study,
a methodological framework for investigating the impacts of Napier grass plantations and
a multidisciplinary assessment was successfully developed based on the SWAT watershed
model. To obtain a reliable parameter set for the simulation, this model was carefully cal-
ibrated and validated. Utilizing manual calibration, a set of parameters used to predict
streamflow, sediment yield, and nitrate load were obtained by considering the R2. The results
showed that by planting Napier grass, surface runoff, sediment yield, and nitrate load can
all be greatly reduced. This is because of the increase in land cover and the nature of Napier
grass, which consumes a large amount of nitrogen. The increase in nitrogen fertilizer was
found to be relatively insignificant to overall surface runoff and sediment yield; however, the
amount of N fertilizer significantly affected the nitrate load—as the nitrogen fertilizer level
increased, the nitrate load increased. To have a clearer idea of how different cases impacted
other perspectives, energy supply, farmer’s incomes, and CO2 reduction were included as
further considerations. The results of this consideration revealed that when no fertilizers
were applied, the management practice performed best in reducing the negative impacts on
hydrology and water quality. However, applying fertilizer as high as 500 kgN ha−1 provided
the highest energy supply, income to farmers, and CO2 reduction. The results of this study
provide information about the environmental impacts as well as crop production. This is
supportive for both energy-related policymakers and farmers, since policymakers can utilize
this information to consider a tradeoff between environmental impacts and crop production,
and the farmers can learn how to achieve high comprehensive benefits from their crops.
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Abstract: The Agricultural Policy/Environmental eXtender (APEX) model has been used for farm/small
watershed management, and the ArcAPEX interface was developed using the ArcGIS extension. How-
ever, the interface requires a paid license and limits dynamic applications that reflect various agricultural
farming practices. In this study, a novel APEX model interface using Quantum GIS, the QAPEX analysis
system, was developed by incorporating open-source-based GIS software for the simulation of water
quality impacts of various best management practices reflecting local farming activities. The watershed
delineation process running on the QAPEX interface is more flexible than that on the ArcAPEX interface,
which renders simulations on hydrology and water quality with considerable precision. The newly
developed system can be used to visually interpret simulation results (e.g., flow and load duration
curve functions). Therefore, the open-source-based model can be used to derive data for sustainable
agricultural policies, with a focus on the field-level application of management practices.

Keywords: APEX; open-source software; QGIS; QAPEX; best management practice; LDC

1. Introduction

An increase in air temperature, torrential heavy rainfall, and changes in rainfall pat-
terns resulting from climate change affect the overall farming environment, including the
rearing period and characteristics of crops [1]. In particular, concentrated heavy rainfall can
increase the effect of water pollution from nonpoint pollution sources (NPSs) in agricultural
regions, which necessitates the management of NPSs [2]. The Ministry of Environment
(MOE) of South Korea has designated control areas of NPSs to reduce pollution from such
sources, and is implementing numerous control measures and projects, such as establishing
turbidity reduction measures and expanding NPS treatment facilities [3–5]. Furthermore, to
establish control methods for NPSs, the MOE of South Korea has categorized 17 representa-
tive land covers through the Environmental Fundamental Data Examination project starting
in 2008. Based on the findings from seven years of monitoring, the Ministry has determined
the event mean concentration and NPS basic unit value by land cover, which provides basic
data necessary for watershed management and watershed model operation [6,7].

The Soil and Water Assessment Tool (SWAT) [8] and Hydrological Simulation Program-
FORTRAN [9] are used in watershed models in Korea to manage NPSs. In the Conservation
Effects Assessment Project, a national project run by the Agricultural Research Service of
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the United States Department of Agriculture, Natural Resources Conservation Service, and
Texas A&M AgriLife Research, the Agricultural Policy/Environmental eXtender (APEX)
model and SWAT model were used to assess the effect of agricultural NPSs, and the Best
Management Practices (BMPs) were applied to analyze conservation effects. Consequently,
the findings have been used as national policy data for the United States [10].

The APEX model was developed with support from the USA Environmental Protec-
tion Agency (USEPA) to investigate the management effects of farming areas in small-scale
watersheds. The model applies and evaluates BMPs because it can reflect various farm-
ing activities, including erosion from wind and water, economic feasibility, drainage for
irrigation, intertilling, buffer strips, fertilizer and compost usage, crop rotation, pasturing,
pesticide application, and plowing [11,12]. Furthermore, the Rural Development Admin-
istration (RDA) and Texas A&M AgriLife Research, the developer of the Environmental
Policy Integrated Climate (EPIC)/APEX model, collaborated on the development of the
APEX-Paddy model, which can be used to assess and control NPSs while considering the
growing conditions of rice paddies, such as ponding water and transplanting [11,13]. The
APEX model was improved into various models, such as WinAPEX [14], which is a basic
APEX model with a simple and user-friendly interface; ArcAPEX [15], in which the ArcGIS
software and APEX model are combined; and a web-based APEX model [16].

However, the WinAPEX system exhibits numerous shortcomings, such as the manual
input of watershed characteristics, including soil properties, land use, slope, and waterway
length, and searching through a long list of variables to modify them. In particular, the
visual verification of the watershed information and simulation results of WinAPEX is
required. Accordingly, the ArcAPEX interface improved on such shortcomings, enabled
the automatic input and visualization of watershed information, and offered various
geographic information system (GIS) functions. Nonetheless, the interface does not provide
a visualization function for interpreting simulation results, and users are required to
manually search and modify the necessary variables when applying BMPs in watersheds.
Moreover, because the ArcGIS software, which is the base of the ArcAPEX interface,
is a commercial program, users must purchase an expensive license. Because of the
high cost of acquiring a license, the ArcGIS software is not widely used, and institutions
such as the National Disaster Management Institute (NDMI) have substituted it with
SuperMap (www.supermap.com, accessed on 1 February 2018) and Quantum GIS (QGIS)
(www.qgis.org, accessed on 1 February 2018) [17].

Chen et al. [18] analyzed the functions of 31 open-source GIS software and revealed
that, as an open-source GIS software, QGIS superior and the most appropriate option for
use in the water resource field. In addition to data visualization, editing, and analysis
functions, QGIS is capable of running most tasks available on commercial software. QGIS
can be combined with other open-source GIS packages, such as PostGIS, GRASS, and
MapServer, boosting its utility in various areas [18,19]. Furthermore, QGIS can be run on a
number of operating systems, including Mac OS X, Linux, and Microsoft Windows.

This study linked the APEX model with open-source-based GIS software to develop the
QAPEX analysis system, which includes the functions of the automatic input of watershed
information, BMP-applicable interface, and visualization of simulation results.

The novelty of this study is the development of a user-friendly QAPEX analysis
system for agricultural nonpoint pollution prediction and BMP evaluation by linking
the APEX model and open-source-based GIS software for the first time. This QAPEX
system provides multiple land use and soil combinations, which was not possible with
previous WinAPEX and ArcAPEX interfaces, to provide an accurate representation of
various land uses within the subbasin. Furthermore, the QAPEX system provides Flow
Duration Curve (FDC)/Load–Duration Curve (LDC) analysis functions to be directly used
for watershed management by considering flow regimes and water quality/quantity. The
QAPEX analysis system developed in this study can quantify nonpoint pollution loads on
agricultural lands based on a field scale and evaluate the effects of agricultural nonpoint
pollution reduction for various structural and nonstructural BMPs. Furthermore, from the
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perspective of sustainable agricultural hydrological environment management, QAPEX
could be used as an environmental tool to support policy decision-making necessary for
various environmental impact assessments and strategic management plans.

2. Materials and Methods

2.1. Description of APEX Model and BMPs

Factors for operating lands in the APEX model originate from the EPIC model [20],
which was developed in the early 1980s to evaluate the impact of erosion on productivity.
The drainage area considered in the EPIC model is generally set at a maximum of 100 ha
under the condition that the weather, soil, and management system remain constant [12].
The main components of the EPIC model are weather simulation, floodgate, erosion–
sedimentation, nutrient cycling, decomposition of pesticides, crop growth, soil temperature,
cultivation, economic feasibility, and control over the crop environment. Management
factors that may be modified are crop rotation, plowing, irrigation schedule management,
drainage, embankment work, soil improvement, grazing, pruning, thinning, harvesting,
and controlling the amount and timing of fertilizer and pesticide use [12].

The APEX model was developed to apply the functions of the EPIC model to an
entire farm or a small-scale watershed. This model is also equipped with the function of
tracking water, sediments, nutrients, and pesticides that exist in various areas, such as
complex terrains, watercourse systems, and watershed exits [10,12]. Using this tracking
mechanism, the interactions among the surface runoff, return flow, sedimentation and
decomposition of deposits, transfer of nutrients, and groundwater flow can be monitored.
The evaluation enables the estimation of water quality that considers nitrogen (ammonia,
nitrate, and organic form), phosphorus (soluble, adhesive, mineral, and organic), and
pesticide concentrations [12].

BMPs are methods used to control pollutants that occur from NPSs to reduce their
concentration levels and satisfy the standards of the target water quality. In the United
States, numerous states, including New York and South Carolina, promulgate manuals
that specify the actions and education required to apply BMPs. Furthermore, government
agencies require forest and land owners and the forestry department to work together to
implement BMPs [21].

P. Tuppad et al. [22] evaluated the effects of various BMPs, such as nutrient manage-
ment, brush management, range planting, conservation cropping, contour farming, terrace,
ponds, grade stabilization structures, and grassed waterways, using the APEX model on
Mill Creek Basin (280 km2), Texas.

2.2. Development of the QAPEX Analysis System

The QAPEX analysis system was developed using Python (www.python.org, accessed
on 1 February 2018), based on the QGIS platform. Python exhibits considerable potential
for future use because it is free, its grammar is easy, and it contains various libraries
that include open-source packages, such as PyQT. The QAPEX analysis system uses a
terrain analysis with digital elevation models (DEMs; TauDEM, http://hydrology.usu.edu/
taudem/taudem5, accessed on 1 February 2018) [23], which offer numerous functions to
process geographical information, and the QGIS software. The system is based on QSWAT
developed by Dile et al. [19].

The QGIS software provides numerous functions to the QAPEX analysis system,
including layer panels that indicate legend information and canvases that enable visualiza-
tion for users. In particular, the QGIS software uses the geospatial data abstraction library
(GDAL, www.gdal.org, accessed on 1 February 2018) to process data in the form of raster
and shape. The GDAL supports 26 vector data formats, including the ESRI shapefile, and
72 raster file formats, including ArcInfo ASCII Grid and GeoTIFF. Because the QAPEX
analysis system uses TauDEM, it requires a DEM in GeoTIFF format. If a raster file provided
by a user is not in the GeoTIFF format, then GDAL may be used to convert file formats.
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The main functions of the QAPEX analysis system are to (1) delineate watershed,
(2) create hydrological landuse units (HLUs), (3) edit inputs and run APEX, and (4) visualize
the output, as displayed in Figures 1 and 2. The first and second steps are performed using
QSWAT functions developed by Dile et al. [19].

Figure 1. Flow chart of QAPEX analysis system [19].

Figure 2. Major functions of the QAPEX analysis system.
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2.2.1. Linking the Tool (Watershed Delineation and HLU Creation) from QSWAT to QAPEX
Analysis System

The script used to estimate the watershed in QSWAT is also used in the QAPEX analysis
system. The script uses various functions to estimate and delineate watersheds, such as the pit
removal of TauDEM, calculation of the flow path and slope, estimation of the catchment area
with the flow direction method, and delineation of a drainage network using the threshold
value of a catchment area [19,23–25]. In TauDEM 5.1.2 version, the QAPEX analysis system is
used for realizing the message passing interface (MPI), which allows the division of a single
task into multiple processes [19,26]. However, to use the MPI function in the QAPEX analysis
system, users must install the free MPI program offered by Microsoft.

The QAPEX analysis system is equipped with the QSWAT function of defining a
stream using a stream file (vector file) held by users [19]. This function is useful for
accurately identifying the location of a stream because it is difficult to do so with the
TauDEM function, which exhibits a flat DEM. To form a stream network within the model,
a threshold value (or the number of DEM cells) is required. In the QAPEX analysis system,
the basic threshold value is set as 1% of the DEM size, and users can adjust the threshold
value to either increase or decrease the number of streams [19]. To delineate a basin in
TauDEM, at least one outflow gate defined with a point is required. In the QAPEX analysis
system that uses QSWAT functions, users can use an outflow gate file (vector file) of a
stream and specify outflow gates within the QGIS software canvas [19]. The APEX model
creates models after homogeneous properties in territorial units of HLUs, such as weather,
soil, land use (farming management schedule), and topographic maps [12]. However, as in
the case of ArcAPEX, assigning HLUs to each subwatershed after delineating a watershed
limits the simulation of the main HLU when multiple HLUs exist within a subwatershed.
Therefore, this study applied hydrological response units (HRUs) used in the SWAT model
to develop a method of simulating multiple HLUs within each subwatershed, instead
of selecting a representative HLU from multiple HLUs. The “multiple HLUs within
each subwatershed” method is useful because it can precisely reflect actual conditions
in the model by considering HLUs that exclude the representative HLU (land use and
soil information).

The QAPEX analysis system adopted the function used in the QSWAT to reduce the
number of HRUs. This function can be categorized into two areas. In the first area, as in
the case of the ArcAPEX model, we can assign the representative HLU within a watershed
using either of the following steps: (1) selecting the largest value among land use, soil, and
slope range or (2) selecting the largest HLU within a subwatershed. In the second area,
the simulation of the “multiple HLUs within each subwatershed” method is performed by
defining the number of subwatershed by (3) filtering the range of land use, soil, and slope;
(4) filtering according to the surface area; or (5) directly designating a number [19]. This
function enables users to select one of the five methods to automatically apply either an HLU
or multiple HLUs.

2.2.2. Developement of Input Data Building Tool and BMP Application Tool in the QAPEX
Analysis System

In this study, to run the QAPEX analysis system within the QGIS software, the database
built into the APEX model was used to construct data files on crop properties, plowing
properties, fertilizer properties, pesticide properties, soil properties, season information,
and meteorological sites. In addition, a database using TauDEM was used to develop a
data file (*.SUB) on the properties of each HLU and watershed. In particular, the APEX-
CONT.DAT file used to manage the operation of the QAPEX analysis system may be
created based on the database built within the APEX model, and users can write variables
for the new control file. In addition, users can input meteorological data and the farming
management schedule required to run the QAPEX analysis system. The APEX model
uses the engine of the WINAPEX0806 model, provided by Texas A&M AgriLife Research
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(https://epicapex.tamu.edu, accessed on 1 February 2018), at no charge to run the QAPEX
analysis system.

Koo et al. [27] developed farming management schedules for beans, corn, potatoes,
sweet potatoes, red beans, napa cabbage, white radishes, peppers, onions, green onions,
garlic, spinach, lettuce, pumpkins, cabbage, cucumbers, watermelons, carrots, sesames,
perillas, and peanuts. Furthermore, Choi et al. [11] devised farming management schedules
for 25 regions in South Korea by considering each region’s rice field characteristics.

As a model that was developed to analyze the effects of farmland management on
small watersheds, the APEX model can consider not only various farming activities, such
as drainage for irrigation, intertilling, buffer strips, fertilizer and manure use, and plowing,
but also a variety of BMPs. The BMPs that can be applied in the APEX model are as follows:
(1) structural preservation methods, such as check dams, diversion dikes, filter strips,
grassed waterways, and interceptor swales/rain gardens; (2) nonstructural preservation
methods, such as cropland conversion to pasture, no till, rainwater harvesting, and vegeta-
tion; and (3) waterway preservation methods, such as channel protection, riparian forest
buffer, mulching, and stream restoration [28].

The interface to apply BMPs, however, is not available on the WinAPEX system
and ArcAPEX interface, which causes inconvenience because of the manual search and
modification of all variables related to BMPs. Furthermore, the variable-adjusting interface
on the WinAPEX system simply lists numerous variables, which renders it difficult for
users to determine certain variables from the list. Therefore, this study addressed this
inconvenience by developing an interface within the QAPEX analysis system, such that
variables related to BMPs can be easily adjusted.

2.2.3. Development of Visualization Function in QAPEX Analysis System

In 2004, South Korea first introduced total maximum daily loads (TMDLs), a sci-
entific water quality management method that sets and manages the total discharge of
contaminants by region, in the Nakdong River water system, and gradually expanded its
application to water systems in the Geumgang, Yeongsangang, and Seomjingang rivers [29].
A commonly used method for planning TMDLs is schematizing an LDC to establish appro-
priate control methods according to flow duration conditions [30]. The LDC displays the
relationship between the individual water quality and target water quality under the total
flow condition of a stream [31]. The LDC can identify the effects of seasonal flow changes
on the water quality and provides an easy understanding of the frequency and volume
of target water quality and volume of allowed reduced loads. Therefore, investigating
the cause of pollutants exceeding the target water quality is critical [32]. Numerous states
in the United States use the LDC in TMDL setup, data analysis, and load management
techniques for points and NPSs based on the flow size [33].

The results of the APEX model are generated through the variable set in PRNT****.DAT
files. Furthermore, simulation results can be generated from a subwatershed or an entire
watershed according to the day, month, and year; a summary file of a watershed can
be obtained [10]. However, the simulation results from the existing APEX model are
displayed in the text form, requiring users to perform additional study to visualize the
results. The QAPEX analysis system includes the QGIS software, which enables users to
visualize simulation results using the PyLab library of the Python programming language.
This system incorporates an interface that can graph the information in *.RCH files for
GIS-related specialized downstream areas. The interface is equipped with a general plot
function that chronologically graphs simulation results by day, month, and year, and the
FDC and LDC plot functions that graph simulation results on the FDC and LDC.

The LDC produced by the QAPEX analysis system follows the methods outlined by
the NIER. (1) The FDC is created using flow data from the QAPEX analysis system results,
(2) the target water quality input by users is converted into a target LDC, and (3) an LDC is
produced for variables selected by users.
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2.3. Demonstrative Application of the QAPEX Analysis System

This study compared the results obtained using the main HLU method and multiple
HLU functions on the QAPEX analysis system. The QAPEX analysis system was applied
to a model area to provide an example of the visualization function of the analysis system.
The model area selected in this study is the Jaun-ri watershed located in Nae-myeon,
Hongcheon-gun, Gangwon-do Province, South Korea. Along with the Mandae and Ga-a
districts, Jaun district, which includes Jaun-ri, was re-designated as an NPS control area in
October 2015. The NPS reduction project was performed in the Jaun-ri area, located in the
upper Soyangho Lake (MOE, nonpoint.me.go.kr). The Jaun-ri watershed covered an area
of 78.25 km2 and its average elevation was 812.74 m, ranging between 570 and 1476 m.

The DEM used in the QAPEX analysis system to create a watershed and HLU/multiple HLUs
is based on the system developed by Koo et al. [34], and it is processed into a 30 m × 30 m DEM.
Koo et al. [34] previously produced a digital map on a 1:5000 scale into a 5 m × 5 m DEM suggested
by Park et al. [35] by following DEM creation methods provided by the National Geographic
Information Institute. The data to create an HLU/multiple HLUs used major classifications of
land use maps provided by the MOE and detailed soil maps provided by the National Institute of
Agricultural Science of Korea RDA. This study used data on soil characteristics according to each soil
series produced by Koo et al. [27], which used information available on the Korean Soil Information
System (soil.rda.go.kr). A farming management schedule for potatoes was applied to the farming
area. Nonfarming areas, including built-up and dry areas, forest areas, grasslands, wetlands, bare
land, and water bodies, used farming management schedules established in the ArcAPEX interface
to simulate respective soil use. Furthermore, the variables used in Choi et al. [11] to simulate South
Korea’s environment in the APEX-Paddy development were used as input variables required to
run the QAPEX analysis system.

3. Results

3.1. Comparing Characteristics According to the Classification Units of Subwatersheds

This study compared the characteristics between classification units (HLU/multiple
HLUs) of the subwatershed by implementing the main HLU/multiple HLU methods of the
QAPEX analysis system for the model area of Jaun-ri (Nae-myeon, Hongcheon-gun). Based
on the analysis, 41 main HLUs were present in Jaun-ri, which were further divided into
821 multiple HLUs (Figure 3). Among the 41 main HLUs, 39 were forests (FRSD) and two
were agricultural areas (AGRL), indicating that 99.92% of the area are forests and 0.08%
are used for farming. The outcome revealed the phenomenon where forests are applied as
the main HLUs within a subwatershed because the majority of land use in South Korea
is defined as so. Through the implementation of the multiple HLU function, 0.7% of land
use was for build-up and dry areas (URBN), 13.1% for agricultural areas (AGRL), 83.0%
for forests (FRSD), 1.8% for grasslands (PAST), 1.0% for wetlands (WETN), 0.3% for bare
land (AGRC), and 0.1% for water bodies (Table 1). The simulation outcomes are similar to
those of actual land use areas. Therefore, in the case where multiple forms of land use exist
within a subwatershed, creating uncertainties toward the implementation of the main HLU
method, it is accurate to apply the multiple HLU method to replicate actual circumstances
within the simulation model.

Table 1. Results of land use classification using HLU/multiple HLUs.

Function URBN AGRL FRSD PAST WETN AGRC WATR

HLUs - 0.06 78.19 - - - -
(0.08) (99.92)

Multiple HLU 0.58 10.26 64.96 1.43 0.75 0.20 0.08
(0.7) (13.1) (83.0) (1.8) (1.0) (0.3) (0.1)

unit: km2 (%)

URBN: build-up and dry areas AGRL: agricultural areas FRSD: forests PAST: grasslands WETN: wetlands AGRC:
bare land WATR: water.
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Figure 3. Results of HLU/multiple HLU function in the QAPEX analysis system for the study area
(Jaun-ri). (a) HLU, (b) Full HLU (multiple HLUs).

3.2. Editing Database and Running the QAPEX Analysis System
3.2.1. Integrated Interface

An integrated interface (Figure 4) was developed to input and edit the data required to
run the QAPEX analysis system in the QGIS software. The user first selected the database
file of the APEX model, weather data from meteorological observation sites, and farming
management schedule data through the integrated interface to run the QAPEX analysis
system. The user then created a control file (APEXCONT.DAT) to manage the operation of
the system. The control file can be created using two methods: applying variables entered
into the APEX model database and entering and applying new variables through the control
file variable adjustment interface. After following the aforementioned procedure, data files
necessary for running the QAPEX analysis system were created by clicking on the “Apply”
button displayed in Figure 4.

Figure 4. User interface for connecting the database of the APEX model and running QAPEX.
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The “Edit parms” function on the integrated interface leads users to an interface where
they can edit data files created through the integrated interface, such as the watershed
variable adjustment interface and BMP interface of the QAPEX analysis system. Finally,
after naming the file and saving the folder through the “Scenario name,” the “Run” button
is clicked to run and save the QAPEX analysis system.

3.2.2. Control File Variable Adjustment Interface

The control file (APEXCONT.DAT) used to adjust the variables necessary to run the
APEX model was developed so that it could be created in two methods. The first method
involves fetching variables entered in the APEX model database, and the second method
is the user creating the APEXCONT.DAT file by adjusting variables using the control file
variable adjustment interface (Figure 5). In the second method, the initial set points of the
entered variables were set as the default values of the WinAPEX system. The interface to
adjust variables in the control file was organized in the same layout (order and line) as the
APEXCONT.DAT file for user convenience.

Figure 5. User interface for creating and editing the control file (APEXCONT.DAT).

Furthermore, to have access to the explanations of variables within the QAPEX analysis
system, “Parameter description” was added to the interface so that users could read
descriptions on a searched variable.

3.2.3. Watershed Variable Adjustment Interface

Similar to the case of QSWAT using TauDEM to derive the characteristics of a watershed,
the QAPEX analysis system applies computed results of TauDEM, HLU/multiple HLUs,
and weather and farming management schedule data entered by users to develop a data file
(*.SUB) on the characteristics of a watershed, including soil characteristics (INPS), farming
management schedule (IOPS), meteorological sites (IWTH), latitude (YCT) and longitude
(XCT), watershed surface area, waterway length from the farthest point away from the water-
shed exit (CHL), waterway depth (CHD), inclination of main waterways (CHS), waterway
length of tracking downstream area (RCHL), and waterway slope of tracking downstream
area (RCHN). The initial set points for the moisture content in the deposited snow (SNO),
residues in dead crops (STDO), number of manning related to fields (UPN), and irrigation
code (NIRR) applied in *.SUB used default values in the WinAPEX model.

The SUB file created through the QAPEX analysis system may be modified to fit the
characteristics of relevant watersheds by users through the watershed variable adjustment
interface. The user selects the subwatershed number to edit and its appropriate HLU and
clicks on the “Read” button (Figure 6), and the interface reveals the HLU with applied
variables. The user may adjust the necessary variables and click on “Save” to edit the
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variables of the HLU. Furthermore, to change the same variable for the entire watershed
area, select “All” from the “Select subbasin” combo box to edit the variable for all HLUs.
The changes are applied to all variables, except those marked “-”.

Figure 6. User interface for adjusting the subbasin (*.SUB)—related parameters.

The description of variables displayed in the interface can be verified by typing the
name in “Parameter description.” Two lines are organized per tab in the interface, such that
the variables used in the *.SUB file can be easily located.

3.2.4. BMP Variable Adjustment Interface

This study developed a user interface (Figure 7) that can adjust variables related to
BMPs within the QAPEX analysis system for user convenience. Among the BMPs that are
considered in the APEX model, this study first applied BMPs on structural installation:
check dams, diversion dikes, filter strips, grade stabilization structures, grassed waterways,
interceptor swales/rain gardens, pipe slope drains, sediment basins, silt fences, terraces,
triangular sediment dikes, and wetland creation. When users select the HLU and BMP of a
subwatershed through the interface, the variables relevant only to the watershed appear on
the right, and they may adjust the variables to consider the BMP.

3.3. Development of the Visualization Function Interface
3.3.1. Integrated Interface

This study developed an integrated interface (Figure 8) to provide users with functions
to graph the general plot, FDC plot, and LDC plot. To use the visualization function in the
QAPEX analysis system, users must set the scenario, subbasin, HLU, and graph period to
be displayed on the graph, and then enter relevant data for each function. Next, clicking
on “Plot” in Figure 8 produces a graph for each function. The “Form” function is added
to allow users to change the layout of graphs, such as the inclusion of the auxiliary axis,
inclusion of a legend and its location, line style and color, axis titles, unit of the Y-axis, and
graph title.
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Figure 7. User interface for adjusting BMP-related parameters.

Figure 8. User interface for the visualization of results in the QAPEX analysis system.

3.3.2. General Plot

The “general plot” function in the QAPEX analysis system graphs simulation results
in a chronological manner of day, month, and year. This function can selectively visualize
the variables generated in the *.RCH file yielded by the simulation results of the QAPEX
analysis system. Not only can this system graph a number of variables simultaneously, but
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it can also retrieve *.RCH files from other scenarios and visualize two or more scenarios
simultaneously. Furthermore, by entering csv-format observation data, the “general plot”
function can plot the observation data and simulation results within the same graph.
Therefore, not only is it possible to visualize simulation results through the “general plot”
function, it is also possible to perform various analyses, such as comparing scenarios,
observation data, and simulation results.

Figure 9 displays the application of the “general plot” function on the model area
(Jaun-ri) for the water yield outflow (CMS). The layout of the graph is set at default values,
which may be changed by users through the “Form” function to edit the graph title, axis
titles, legend, variable names, and units.

Figure 9. General plot function among the visualization results of the QAPEX analysis system for the
water yield outflow (CMS).

3.3.3. FDC/LDC Plot

The QAPEX analysis system is equipped with the functions “FDC plot” and “LDC
plot” to display the simulation results (*.RCH) for the FDC and LDC, respectively. The
“FDC plot” function can be run without an additional data input. The LDC plot function
requires users to select the variables and target water quality to be demonstrated through
the LDC. By adding the input data of the observation date, CMS, and observation data
in csv format, the FDC/LDC plot functions produce FDC/LDC only composed of the
observation data in addition to FDC/LDC generated by simulation results. Because the
FDC/LDC plot functions developed in this study can indicate FDCs and LDCs of areas
that partially or completely lack observation data, the two functions can compensate for
the absence of monitoring data from temporal and locational limitations.

Figure 10 displays the application of “FDC plot” and “LDC plot” functions for the
model area (Jaun-ri), where the LDC plot reveals the results for nitrogen (NO3O, kg)
transferred with water out of the downstream area. The default values were used for the
layout of the graph.
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Figure 10. LDC plot function among the visualization results of the QAPEX analysis system for the
study area (Jaun-ri).

4. Conclusions

Based on the EPIC model, the APEX model was improved and expanded into various
models, such as WinAPEX, ArcAPEX, and i_APEX. This study synced the APEX model
with the QGIS software, an open-source GIS software, and developed the QAPEX analysis
system that can use GIS functions without a fee. The study also reduced the inconvenience
of users manually inputting data of watersheds, as in the case of the WinAPEX system.
Furthermore, the system created the “multiple HLUs within each subwatershed” method
to consider multiple land uses and soil maps, which is an improvement on the ArcAPEX
interface where a subwatershed is calculated as a single land use/soil map through the
main HLU method. The “multiple HLUs within each subwatershed” method eliminates
uncertainties resulting from single land use/soil map simulation. This study also developed
an interface to adjust variables for BMPs that are performed as control methods for NPSs
so that BMPs may be applied and run in the model. Furthermore, the visualizations of
the comparison between the simulation results of multiple scenarios and the functions of
FDC/LDC were added. Such visualization functions express the water quality and water
yield outflow through graphs, rendering it easy for users to understand. In particular, the
LDC is advantageous for use in identifying the cause of pollutants exceeding the target
water quality. Therefore, the QAPEX analysis system can be used as a tool to gather national
policy data by analyzing NPS control areas or reducing the effects of applying BMPs.
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