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MEASURING ENVIRONMENTAL SUSTAINABILITY OF COFFEE
PRODUCTION USING ECONOMETRIC AND FRONTIER-BASED MODELS:
VIETNAM AS A CASE STUDY 1
Thong Quoc Ho

ABSTRACT
Amid growing concerns related to excessive use of irrigation water and overuse of
chemical fertilizers in coffee production in Vietnam, this study evaluates both economic and
environmental performance of coffee farmers using a panel data set of 829 farms over three crop
years: 2012/13, 2013/14, and 2014/15. Irrigation water efficiency was estimated using the subvector data envelopment analysis (DEA) technique, which minimizes water use while keeping
coffee output and other inputs constant. The average water efficiency scores are 83.15 percent,
81.87 percent, and 81.56 percent for the three crop years, respectively. Nutrient efficiency was
measured using the materials balance principle based on the DEA approach. The average nutrient
efficiency scores are 52.02 percent, 49.91 percent, and 49.65 percent, for the three crop years,
respectively. Eco-efficiency was estimated using the standard DEA techniques in which the
relationship between value-added and environmental pressures per weighted coffee tree is
evaluated. The average eco-efficiency scores are 49.71 percent, 47.21 percent, and 48.35 percent,
for the three crop years, respectively. The difference in environmental efficiency between certified
and conventional (uncertified) coffee farms groups, which was tested using the Simar-Zelenyuk
adapted Li-test, indicates that in the first crop year of the data set, certified farms performed better
than conventional farms for the three types of environmental efficiency. These results were similar
in the second crop year in terms of irrigation efficiency, nutrient efficiency, and efficiency variance
models (i.e., eco-efficiency models). However, in the most recent crop year (2014/15), the
difference between certified and uncertified farms appears to be unclear. An interesting finding is
that modern irrigation systems and the availability of windbreak trees could improve
environmental efficiency. It is noted that the public extension service is ineffective or even
prevents enhancing environmental efficiency. Policy options, such as promoting and maintaining
the quality of certification schemes, should be implemented as these provide positive externality.
Particularly, public funds and loans should be spent on promoting spray and drip irrigation
systems. Growing windbreaks is also a desired strategy to improve both economic and
environmental benefits.

1

This is a major part of the investigator’s PhD thesis, entitled “Measuring socio-economic and environmental sustainability
of coffee production using econometric and frontier-based models: Vietnam as a case study”. This PhD proposal has been
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1.0 INTRODUCTION
1.1

Research Problems

Although coffee production has played an important role in the Vietnamese economy and
the global coffee market, recent literature indicates that coffee production has been undertaken in
a highly unsustainable manner. Overuse of chemical fertilizers and unsuitable use of irrigation
water are among the most serious problems in coffee production. There is mounting evidence that
chemical fertilizers and water have been heavily used in coffee production in Vietnam (Luong and
Tauer 2006; Dzung, Khanh, and Dzung 2011). These challenges may increasingly exacerbate
degradation of environmental resources, leading to both ecological consequences and economic
losses in the long-run. To cope with these environmental problems, several attempts have been
done by coffee farmers, governments, and other stakeholders. These endeavours include
diversifying farm enterprises and participating in sustainability-certified production programs.
These initiatives, however, are due to ad hoc local knowledge and market mechanisms rather than
the results of systematic research, despite agricultural production enterprises being complex
biological and physical entities.
Overall, agricultural production is heavily dependent on the use of chemical fertilizers, and
this is especially true for coffee growers. In 2010, Vietnamese farmers applied 156 kilograms (kg) of
nitrogen and phosphate fertilizers per hectare (ha) on average (FAO 2014). Coffee plants require
up to 800 kilograms per hectare (kg/ha) of nitrogen to be able to provide a good harvest (Bruno et
al. 2011). In Vietnam, the cost of fertilizers accounts for almost half of the total production cost and
high standard deviations in production costs are mainly because of variation in the price of
fertilizer. The average amount of nitrogen, phosphate, and potassium applied for coffee in
Vietnam was about 1,000 kg/ha during the period of 2005–2009 (Amarasinghe et al. 2015). Dang
and Shively (2005) found that the average amount of nutrients used for coffee production in
Vietnam was 1,115 kg/ha. In 2014, the number for the Philippines, Thailand, and Indonesia was 63,
102, and 76 kg/ha, respectively (FAO 2014). Undoubtedly, the amount of nitrogen and phosphate
content of inorganic fertilizers that are unused in agricultural production seeps into waterways
and is cited as being one of the major causes of serious environmental problems in many countries
(Hoang and Nguyen 2013). Excessive consecutive fertilizer applications negatively affect the
environment.
Irrigation water is one of important inputs in coffee cultivation but it has been extracted in
an unsustainable manner. Over-irrigation for coffee production in Vietnam 2 has been identified as
a problem (D’haeze et al. 2003; Dzung, Khanh, and Dzung 2011). Although coffee farmers extract a
large amount of water for their coffee plantations, they currently do not pay any user fees. In fact,
D’haeze et al. (2005) argue that lack of regulation in the use of water is one of the reasons leading
to over-irrigation in coffee production, which, in turn, may degrade groundwater sources. If there
is no policy change concerning water use, some farms will over-irrigate, creating water shortages
for others. In a broader context, continued overuse of water in coffee production will negatively
affect entire agricultural production systems in Vietnam’s Central Highland. A recent study
suggests that groundwater pumping should be reduced by improving water productivity in coffee
production (Amarasinghe et al. 2015). Therefore, systematic research is necessary for irrigation
regulation in Vietnam’s coffee production.

2

Coffee farms in Vietnam use mostly underground water. Because groundwater is a common resource, the use of such
water is tightly linked among neighboring farms. Nitrogen and phosphorus compounds in chemical fertilizers
contaminate the soil and/or are transmitted into underground water systems polluting neighboring farms.
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Given increasing environmental concerns of foreign and local consumers, coffee farmers
have taken part in several sustainability-certified production practices. At first, it appears that
Vietnamese coffee farmers are following an international trend in obtaining internationally
recognized sustainability-related certification. Several studies, in fact, propose the expansion of
these certification programs to deal with environmental concerns in Vietnam (TechnoServe 2013).
However, there is a lack of informed analysis of benefits associated with sustainability schemes for
Vietnamese coffee farmers. 3 In fact, compared to conventional farming, the economic benefits of
certified coffee production for Vietnamese farmers are unclear (Kuit et al. 2013). The literature
shows that small-scale coffee farmers in some coffee-producing countries, such as Ethiopia, did
not gain significantly from certification programs due to low productivity, insignificant price
premiums, and limitations in the provision of credit and information (Jena et al. 2012). Coffee
producers in Nicaragua have experienced similar difficulties. Valkila (2009) also argues that
sustainable development in coffee production may lead farmers into a poverty trap due to low
yields and an insignificant price premium compared to conventional growers. To date, none of
these studies has examined the relationship between environmental efficiency (i.e., nutrient
efficiency and irrigation water efficiency) and these certification programs. As cited by Meyfroidt,
Vu, and Hoang (2013), issues in irrigation and fertilizers make it difficult for Vietnamese sun-grown
Robusta coffee farmers to comply with most certification standards.

1.2

Research Questions

Given that farmers in the Central Highlands of Vietnam are highly dependent on coffee
production, the sustainability of coffee production is clearly an important aspect in the future
economic, environmental, and social development of the region. The literature on this issue
(D’haeze et al. 2003; Dzung, Khanh, and Dzung 2011) show that the past and current coffee
production in Vietnam have not been sustainable economically, environmentally, and socially. To
improve existing coffee farming practices, some groups are advocating the expansion of
sustainability certification schemes among farmers to achieve environmental, economic, and
social benefits. However, measuring environmental benefits in coffee production is a complex
matter.
Although there are a number of empirical research measuring efficiency levels and its
variations across farms in agricultural production, assessments on environmental performance,
particularly in Vietnam, are lacking. Environmental performance, however, is paramount to
sustainable coffee development, which may guarantee economic benefits to farmers in the longrun. However, the literature (Bacon 2005; Wollni and Zeller 2007; Basu and Hicks 2008; Wollni and
Brümmer 2012) varies in terms of the trade-off between economic and environmental efficiency
varies and lack of empirical evidence on the dynamic trade-offs. Moreover, whether crop
diversification is an appropriate strategy to enhance economic and environmental efficiency is
assessed with the employment of frontier approaches. Since coffee is a primary crop, the role of
economic and environmental efficiency enhancement may be significant to improve farmers’
welfare. In fact, many sustainable coffee production schemes, aiming at economic, environmental,
and social enhancement, have been improved. Thus, empirical evidence toward this trend may be
of interest to policymakers and other stakeholders in the coffee industry. Therefore, the overall
objective of this research is to investigate the environmental sustainability of coffee production
and to provide evidence-based policy options.

3

Over the past few years the total amount of UTZ certified coffee has increased from 17,925 metric tons in 2009 to
38,669 metric tons in 2012, accounting for 21 percent of UTZ certified coffee globally (Utz-certified, 2014b).
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More particularly, this study sought to address the following research questions:
RQ1: What is the environmental efficiency (irrigation water efficiency, nutrient efficiency, and
eco-efficiency) level of coffee production in Vietnam?
This study first examined levels of environmental performance concerning use of irrigation
water and fertilizers in Vietnamese coffee farms. The materials balance principle was incorporated
into the production frontier framework to assess the nutrient efficiency of farms. This study also
examined the efficiency level of irrigation water use using a sub-vector DEA approach.
RQ2: What are the determinants of variations in the irrigation water efficiency, nutrient
efficiency, and eco-efficiency of coffee farms in the highland regions of Vietnam?
To propose appropriate policies for more sustainable coffee production, the determinants
of environmental performance of Vietnamese coffee farms were identified. Efficiency analysis
using the frontier approach assisted in the identification of the main determinants of variations in
the environmental performance of farms. This study examined the factors that contribute to
improving environmental efficiency levels, which are of particular importance in policy analysis.
RQ3: Does participating in sustainability certification programs help improve environmental
efficiency?
Applying the same production frontier approach, the study examined whether
environmental efficiency varies across two groups of farmers: those with conventional farms and
those with farms taking part in sustainability-related certification programs. Sustainable
certification in the coffee industry has become increasingly popular. However, preliminary
literature review shows different outcomes for the costs and benefits associated with certification
schemes and indicate a lack of empirical evidence on the environmental efficiency of certified
coffee production. This study provides an empirical comparison of the environmental efficiency
between certified and conventional coffee production.
Finally, there is an argument that coffee farmers should receive higher premiums for
certified coffee if their production is more environmentally friendly (i.e., significantly higher
environmental efficiency). However, if there is no significant difference in environmental efficiency
between certified and conventional coffee production, both farmers and certifiers should seek
adjustments, which would produce better environmental responsibility. The information required
for such adjustments that enhance environmental responsibility in coffee production and
sustainable coffee production in the long-run is useful for all stakeholders, including coffee
farmers, consumers, certifiers, and policy makers.
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2.0 POLICY CONTEXT
2.1

Global Context of Sustainable Coffee Development

Recent statistics show that specialty coffee production is increasing. Specialty coffee, also
known as eco-labelled or certified organic coffee, are produced under forms of regulations/
supervision regarding quality, social equity, healthy, and environment-friendly conditions.
Typically, an independent third party agency certifies these quality standards, which include
certifications such as Fairtrade, UTZ, 4C, Rainforest Alliance, and Bird-friendly. Fairtrade
certification focuses on smallholder grower organizations, the linkages, prices, and other standards
in relation to trade processes (Bacon 2005). According to the Fairtrade Labelling Organization
(FLO), its principal objectives are to cover a range of production processes to ensure producers
receive a price that meets the costs of sustainable production, and to provide a premium for social,
economic, and environmental development. This is to enable pre-financing for producers, when
requested, to encourage stability and long-term trading partnerships, and to ensure that the
conditions of production and trade of all Fairtrade certified products are socially- and
economically-fair and environmentally responsible (FLO 2015).
Other certification programs such as Bird Friendly, Rainforest Alliance, UTZ-certified, and
Shade coffee certifications aim to reward coffee farmers who manage their coffee farms in a
manner that promotes the conservation of tropical species and habitats with a focus on
maintaining a shade tree canopy (Méndez et al. 2010). Rainforest Alliance certification requires
minimum levels of native shade tree biodiversity, limited use of highly toxic agrochemicals, safe
working and living environments for farmers and enforcement of national labor laws (Giovannucci
and Ponte 2005). UTZ-certified coffee production highlight management, farming practices,
working and living conditions for farmers and workers and the environment (UTZ 2015).

2.2

Vietnam Context of Sustainable Coffee Development

Vietnamese policy makers have recognized many challenges in coffee development, and
the government of Vietnam has attempted to support the development of the coffee industry in a
sustainable manner. As cited in a recent report (IDH 2014, 4–5), a Deputy Director of Vietnam’s
Coffee Sector Coordinating Board, Ministry of Agriculture and Rural Development (MARD)
remarked:
“To date, Vietnam’s coffee sector has made outstanding progress. However, it faces many
sustainability challenges. These include “hot” development of cultivation area; exhausted
soil; abuse of fertilizers; inefficient water use, which leads to exhausted water sources in
the context of the global climate change; quality and food safety control; outdated
technologies; adding value to export products; and benefit-sharing mechanisms between
coffee farmers and companies to ensure long-term business relationships.”
In 2013, the Extension Program for Sustainable Coffee Production in Vietnam was
approved by MARD. This program has provided technical training for coffee growers. Another
program for coffee rejuvenation has supported coffee farmers with seedling support; technical
guidelines for land preparation, root treatment, and crop rotation; and credit/loans for coffee
production. In addition, the government of Vietnam has also implemented a program to
restructure the agriculture and rural sectors and other rural development programs.
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To date, there is no program that evaluates sustainable coffee production in terms of
interdisciplinary aspects. Thus, this study hopes to recommend policy options based on empirical
evidence with regard to producing coffee sustainably.

3.0 RESEARCH OBJECTIVES
The specific objectives of this study are:
1. To measure irrigation water efficiency, nutrient efficiency, and eco-efficiency, and identify their
determinants.
2. To determine the environmental performance of sustainability-certified and conventional
coffee production in Vietnam.

4.0 LITERATURE REVIEW
The literature presents a number of important issues related to sustainability in agricultural
production in general and in the coffee industry, in particular. These include sustainable coffee
production, certified versus conventional coffee production, economic analysis, environmental
efficiency, the relationship between economic and environmental efficiency, and social welfare
analysis.

4.1

Sustainable Coffee and Certified Production
4.1.1

The call for sustainable coffee production

In recent years, sustainable agricultural production has gained significant attention from
academia, policymakers, and the public. While sustainable production means different things to
various groups of stakeholders in policy analysis (Hansen 1996), a number of particular dimensions
of sustainable production are the focus of much of the economic literature. These include not only
the ways in which production can be changed to meet increasing food demand due to global
population growth, but also more efficient use of natural and environmental resources in view of
associated environmental and ecological constraints. For instance, a high number of studies have
investigated how farmers could increase efficiency in using economic inputs in the production
process (Fraser and Cordina 1999; Thiam, Bravo-Ureta, and Rivas 2001; Alene, Manyong, and
Gockowski 2006; Chen, Huffman, and Rozelle et al. 2009; Houshyar et al. 2012). These studies
constitute a substantial body of literature on sustainable resource use in agricultural production
and identify factors affecting the economic efficiency of farmers. However, sustainable production
goes considerably beyond the concept of economic efficiency.
Sustainability in agriculture is one of the most crucial issues in sustainable development.
Due to different approaches and objectives, there are a number of definitions of sustainability and
sustainability in agriculture (Hansen 1996; Glavič and Lukman 2007). One of the most frequently
cited definitions is that of the American Society of Agronomy (1989, as cited in Hoang 2014, 8):
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“A sustainable agriculture is one that, over the long-term, enhances environmental
quality and the resource base on which the agriculture depends, provides for
human fibre and food needs, is economically viable, and enhances the quality of
life for farmers and society as a whole.”
Sustainable agricultural production targets contain three important dimensions—
economic, social, and environmental. Rice and McLean (1999: p.143) have proposed that
sustainability regarding coffee production should be defined as:
“Sustainable coffee is produced on a farm with a high biological diversity and low
chemical inputs. It conserves resources, protects the environment, produces
efficiently, competes commercially, and enhances quality of life for farmers and
society as a whole.”
Other definitions note that sustainability in coffee production is a dynamic process, and
refer to equitability in social, economic, ecological, political, spatial, and cultural levels (Rice and
McLean 1999).
Given that coffee production is mostly owned and operated by smallholder households,
the viability and success of sustainability depends on production decisions made by these farmers.
It is not surprising, therefore, that the primary incentive for farmers is economic benefits. In other
words, they seek to minimize costs, maximize yields and revenues, or maximize profits. However,
sustainable production practices, in the short-run, do not assure higher economic returns than
conventional production with the intensive use of input factors (Wilson and Tisdell 2001). Valkila
(2009) finds that sustainable coffee production has low price premiums, and even achieves lower
yields and profits than conventional coffee production. This may encourage farmers to use
intensive farming technologies, and therefore employ unsustainable methods, which are
detrimental to the environment. Agricultural producers may, therefore, fail to employ
environment-friendly techniques and in the long-run bring about lower economic returns. This
typically leads to lowering of living and health conditions, particularly where there is intensive use
of chemical inputs for agricultural production and its associated effects on farmers’ health.
It is important to note that policies which affect the coffee industry’s consumption of
fertilizer can have impacts on the environment. For instance, in Costa Rica, government-funded
training programs persuaded coffee farmers to raise farm yields by increasing the use of chemical
fertilizers in efforts to increase farm yields. While this approach helped farmers to be more
profitable in the short-run, there were insufficient efforts to abate soil erosion. As a result, these
farmers have been faced with new environmental challenges, which had to be addressed by, for
example, retraining farmers to adopt more conventional farming practices, such as crop
diversification, which is known to be a strategy to increase shade covered coffee plantations
(Adams and Ghaly 2007).
In Vietnam, the development of the coffee industry over the previous two decades is a
result of a number of important government policies. An extensive resettlement program in the
Central Highlands was implemented in the 1970s, and it provided incentives for farmers to switch
to cash crops. These included preferential loans, free extension services, and irrigation support in
the 1980s. Throughout this process, the use of chemical-intensive fertilizers and irrigation were
emphasized, producing some of the highest coffee yields worldwide (Fridell 2014). However
placing too great an emphasis on profit maximization without regard for environmental impacts
has created serious problems for the future development of the industry.
On the other hand, sustainable coffee production may provide both environmental and
economic incentives for farmers, encouraging them to remain in this specialty market. For
instance, Pretty, Morison, and Hine (2003) found that more efficient water use, improvements in
soil health and fertility, and minimum or zero pesticide use play substantial roles in enhancing
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food production and agricultural sustainability. In the case of coffee production, coffee trees
require a large amount of water. Thus, water efficiency also leads to a significant improvement in
the efficiency level of other input factors (i.e., labor and energy). Reduction in inorganic fertilizers
and pesticides reduces expenditure of farmers as well as the amount of chemicals, which
negatively affect useful organisms (Adams and Ghaly 2007). This, in turn, enhances soil fertility
(Pretty et al. 2003). In addition, shifting from monoculture production toward sustainable
production can be a solution to mitigate risks associated with price volatility (Adams and Ghaly
2007). In this regard, the trade-off between economic and environmental benefits associated with
sustainability in coffee production can be positive. This is in line with De Koeijer et al. (2002), who
found that both economic gains and environmental performance were achieved simultaneously
for Dutch sugar beet growers. Moreover, Wilson and Tisdell (2001) argue that although in the
short-run, conventional production employing the intensive use of chemical inputs and irrigation
may seem lucrative, sustainable production may generate higher and more stable economic gains
in the long-run.
In order to encourage coffee farmers to shift to sustainable production technology, the
economic gains, as well as environmental and ecological benefits, must be clear to the industry.
Thus, measuring economic and environmental sustainability and the relationship between
economic and environmental efficiency in the long-run is a foundation on which policies
promoting sustainable coffee production can be developed.
4.1.2

Certified versus conventional production

Several studies have examined determinants of shifting from conventional farming to
specialty farming practices. Wollni and Zeller (2007) found that the probability of participation in
specialty coffee production increases with coffee farming experience, education level, coffee farm
size, altitude, cooperative membership, and training participation of the farmers. Similar results
were also found by Wollni and Brümmer (2012) with the same coffee farmers but with an addition
of one more crop year. This is one way of distinguishing the advantages between products, and
therefore, obtaining competitive advantage in the integrated global market (Kilian, Jones, and
Pratt 2006). However, for smallholder producers, lack of access to financial resources and
information may prevent their participation in the specialty segment. Cooperatives can be
effective means to provide these services and help farmers adapt to the new requirements of the
market (Wollni and Zeller 2007). Therefore, an investigation of the economic and environmental
efficiency of existing certified scheme members is necessary. This may confirm whether their
coffee production is environmentally responsible and indicate the existence of factors governing
environmental efficiency.
In addition, oversupply of certified products due to excessive expansion of specialty
production may lead to falling prices (Wollni and Zeller 2007). Similarly, an inverted U-shape
relationship is evident between consumers’ willingness to pay for price premiums associated with
Fairtrade certified coffee and producers’ revenue (Basu and Hicks 2008). In this situation, specialty
production does not offer a solution for all farmers. Farms located in less favorable soil and climate
conditions may be better off by diversifying away from coffee (Wollni and Zeller 2007). However,
the favorability of soil and climate conditions is difficult to identify. Alternatively, economic and
environmental efficiency are measurable, and the current study provides a useful way to identify
certain inefficient farms, which can be more productively used for crops other than coffee.
Some studies have focused on the impact of certification on smallholder farmers’
livelihoods. By participating in specialty coffee production, farmers’ livelihoods can be shown to be
strengthened by lower expenditure on synthetic inputs and other environmental benefits (Bacon
2005). Moreover, Wollni and Brümmer (2012) reveal that conventional coffee farmers tend to be
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less technically efficient than specialty coffee growers. Thus, participation in socially and
environment-friendly production can give coffee farmers possibilities of achieving higher prices
and efficiency levels than those involved in conventional production. However, specialty coffee
production requires new technology to be applied to farm management even though the price
premium is still relatively small (Bacon 2005; Jena et al. 2012). Studies such as those in southwest
Ethiopia show that certification of coffee cooperatives associated with Fairtrade and organic
standards has a low impact on poverty alleviation among small-scale coffee farmers. Such certified
cooperative members have been faced with low productivity, insignificant price premiums, and
poor access to information and credit from cooperatives. This is mainly due to the limited
organizational capacities within cooperatives and farmers’ low education (Jena et al. 2012). It
should be noted, nevertheless, that the difference in the empirical results might be explained in
whole or in part by different local settings, which govern the implementation, monitoring, and
enforcement of certification programs.
Concerning the demand side, coffee consumers are shown to be able to differentiate
environmental and health benefits associated with different ethical and environmental labelling
programs. Loureiro and Lotade (2005) found that US consumers are willing to pay higher
premiums for Fairtrade or shade-grown certified coffee than organic certified coffee. A similar
willingness is found in the US and Germany markets for Fairtrade certified coffee (Basu and Hicks
2008). In the case of Vietnamese coffee, Fairtrade certified coffee is produced only in small
quantities, but UTZ-certified and 4C coffee are increasingly cultivated. However, there are very few
studies examing the economic and environmental perfomances of coffee farmers participating in
some common labels, such as Fairtrade. Renard (2005) found that many certifications create
confusion among consumers, especially if they do not take the time to understand and compare
different labels. Therefore, the label no longer fulfils its goals of being environment- and sociallyfriendly. An investigation providing empirical evidence on the level of environmental efficiency for
certified and non-certified coffee in Vietnam would, therefore, provide essential information for
consumers.
In short, the economic benefits associated with sustainability certified schemes are
insignificant and mixed, and there is a lack of empirical evidence on environmental performace of
certified coffee production. Potential income gains from both productivity and the price premiums
associated with sustainablity norms may, therefore, be important determinants for the viability of
certified coffee producers over time (Barham and Weber 2012). There is a need for empirical
evidence showing whether certified coffee production is more socially and environmentally
responsible than conventional production. Such evidence provided to consumers is of critical
importance if they are to differentiate between products that carry and do not carry ethnicity and
environmental preference messages, and to ascertain if certified coffee production is
environment-friendly. In cases where results of environmental efficiency are insignificant, such
information is also helpful for certifiers and farmers by allowing them to adjust their monitoring,
enforcement, and implementation process of certified production to meet the objectives of
certification and consumers’ expectation. It is also clear that ease of getting the certified label may
decrease reliance on certifying agencies (Basu and Hicks 2008). However, there is no study
examining environmental efficiency (i.e., nitrogen and irrigation efficiency) in certified coffee
production compared with conventional coffee production.
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4.2

Overview of Efficiency Analysis

In recent years, there has been an abundant addition to the literature on the empirical
analysis of farming activities. This literature focuses on the technical, cost, and environmental
efficiency of farmers. The term, ‘technical efficiency of an individual producer’, can be described as
one’s ability to minimize input use in the production of a given output vector, or the ability to
obtain maximum output from a given input vector. The measurement of technical, allocative, and
economic efficiency was initially proposed by Farrell (1957) and has since attracted considerable
attention by researchers who have attempted to narrow the gap between theory and empirical
application.
Efficiency and productivity measurement is a longstanding area of study in economics
reflecting the economic performance of a firm, industry, or economy. There have been two
primary trends in efficiency analysis—econometric and mathematical. Since Aigner, Lovell, and
Schmidt (1977) proposed the stochastic frontier analysis (SFA), which is known as the parametric
approach, many studies have successfully applied SFA to measure efficiency and analyze variations
in efficiency (e.g., Pitt and Lee 1981; Reifschneider and Stevenson 1991; Kumbhakar, Ghosh, and
McGuckin 1991; Huang and Liu 1994; Battese and Coelli 1995; Alvarez and Arias 2004; Illukpitiya
and Yanagida 2010; Yu-Ying Lin, Chen, and Chen 2013; Mutoko, Hein, and Shisanya 2014). Another
technique, data envelopment analysis (DEA) is the non-parametric approach proposed by Charnes,
Cooper, and Rhodes (1978) based on mathematically linear programming to estimate efficiency
scores as the first stage. In the second stage, the efficiency indexes are regressed by a vector of
variables to examine the variation of efficiency. The DEA approach has been widely employed in
many areas of economics (e.g., agricultural economics and the measurement of industry and
environmental efficiency) (Chambers et al. 1997; Coelli 1998; Ara 2002; Amirteimoori, Kordrostami,
and Rezaitabaret 2006; Lilienfeld and Asmild 2007; Munksgaard et al. 2007). This technique has
major drawbacks given a lack of statistical inference and properties. However Simar and Wilson's
(2007) use of the ‘2 bootstrap’ algorithm procedure, is seen as a solution for these shortcomings.
Many studies have successfully applied the bootstrapping techniques for other areas of research,
such as Barros and Peypoch (2008), Barros and Assaf (2009), and Lee and Worthington (2014).
Studies have been conducted about the efficiency of coffee production in a number of
countries although there are few that have been conducted in Vietnam. Both parametric and nonparametric approaches have been employed for efficiency analysis in coffee production. Those
employing the SFA techniques include Nchare (2007); Vedenov, Houston, and Cardena (2007);
Cheesman and Bennett (2008); Wollni and Brümmer (2012) and Ho, Yanagida, and Illukpitiya
(2014). Other studies use the DEA techniques (Mosheim 2002; Binam et al. 2003; Coelli and
Fleming 2004; Rios and Shively 2006; Garcia and Shively 2011). These studies incorporate common
input variables such as land, fertilizers, labor, and capital for the production frontier models. Except
Nchare (2007) and Ho, Yanagida, and Illukpitiya (2014), none of these studies treats the age of
coffee trees as a factor affecting coffee output. Unlike other annual crops, coffee trees of different
ages have different yield potentials and require various doses of variable inputs. However, Nchare
(2007) and Ho, Yanagida, and Illukpitiya (2014) assume that the age of coffee trees is linearly
related to coffee output. One way to overcome this issue so that farms can be treated equally in
the model is the construction of a variable for tree capital. This can be achieved by considering the
weighted age of coffee trees (see Hasnah, Fleming, and Coelli 2004; Ofori-Bah and Asafu-Adjaye
2011).
For coffee production, there are several studies that examined the cost and technical
efficiency analysis and its inefficiency variations, while there are no studies investigating
environmental efficiency. Rios and Shively (2006) found that coffee farmers in Vietnam’s Dak Lak
province were technically inefficient, with an average score of 0.78. The authours used the same
technique (constant returns to scale DEA) and found that cost efficiency was relatively low with an
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average cost efficiency score of 0.39. Another study also used the DEA technique and found
relatively low technical efficiency levels for Vietnamese coffee farmers at 0.7 (Garcia and Shively
2011). In addition, Ho, Yanagida, and Illukpitiya (2014) used the SFA technique and found that the
existence of inefficiency is statistically significant at an average level of efficiency of about 0.7 for
coffee farmers in Dak Lak, Vietnam. These results imply a possibility of efficiency improvement
with less intensive use of input factors since the literature would suggest that higher industrywide output may not be an optimal solution.
Regarding inefficiency models, a series of socioeconomic and geographical variables was
incorporated in the second stage models. For example credit loan, formal education of the
household head, farming experience, and extension services are key factors for efficiency
improvement (Ho, Yanagida, and Illukpitiya 2014). Participation in a farming association may also
help farmers to be more efficient, which was the case for coffee farmers in Cote d’Ivoire (Binam et
al. 2003) and Costa Rica (Wollni and Brümmer 2012). In addition, farming experience, income
sources other than coffee, and age of the household head are important efficiency determinants
for specialty coffee production (Wollni and Brümmer 2012). For other socioeconomic factors
affecting coffee production efficiency, see Binam et al. (2003), Rios and Shively (2006), Vedenov et
al. (2007), and Wollni and Brümmer (2012). Therefore, economic efficiency analysis for coffee
production is necessary for more robust empirical evidence, since the previous studies only used
cross-sectional data.

4.3

Environmental Efficiency Measurement

In agricultural production, environmental aspects have become increasingly important for
farmers’ benefit as well as the global economy in the long-run. Pittman (1983) produced one of the
first studies attempting to incorporate undesirable outputs in agricultural production into
conventional efficiency indexes. He reveals that incorporation of undesirable outputs significantly
affects the rankings. Many studies (Färe et al. 1989; Reinhard, Lovell, and Thijssen 1999; Reinhard,
Lovell, and Thijssen 2000; Wossink and Denaux 2006; Coelli, Lauwers, and Huylenbroeck 2007;
Lilienfeld and Asmild 2007; Lauwers 2009; Frija, et al. 2009; Hoang and Nguyen 2013) have
attempted to integrate environmental performance of producers into technical and economic
efficiency measures using efficiency and productivity measurements based on production
frontiers.
Generally, there are two primary approaches to measuring environmental performance in
agricultural production. The first approach focuses on the development of various indicators,
which can be used to describe differences among different systems (Wu and Wu 2012; Bell and
Morse 2008). The second approach employs production frontiers to derive efficiency and
productivity measures, which uses both parametric and non-parametric techniques to estimate
relative efficiency. Both approaches examine relative performance as well as the temporal analysis
of performance changes. Relative performance comparison and assessment are useful in
evaluating the performance of individual firms or systems (hereinafter called decision- making unit
or DMU) relative to all other DMUs.
The frontier-based approach has been traditionally used to examine the relative
relationship between a set of inputs and corresponding outputs of DMUs associated with the
production technology. This relationship represents the economic performance of individual
DMUs compared with other DMUs. These measures can also be decomposed into two meaningful
economic components: technical efficiency and allocative (price) efficiency (Farrell 1957). Since
then a number of studies have developed and employed the approach to measure not only
technical efficiency but also allocative, cost, revenue, and profit efficiencies using information on
prices. In addition, it allows investigation of factors affecting variations in the efficiency level across
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DMUs. Information about key determinants of efficiency variation provides useful guidelines on
how to adjust these determinants to improve the efficiency of DMUs.

4.4

Frontier-based Environmental Efficiency

Regarding the frontier-based measurement of environmental efficiency, Lauwers (2009)
summarizes three general types environmental efficiency. First, the environmentally adjusted
production efficiency (EAPE) refers to minimization of a particular environmental detriment, (i.e.,
water), while holding other inputs and outputs constant (Lauwers 2009). Second, the materials
balance-based environmental efficiency (MB-EE) involves the minimization of total nutrient
content in inputs, given a level of outputs and nutrient content in each input (Coelli, Lauwers, and
Huykenbroeck 2007). This is similar to the cost efficiency approach in which total nutrient is
considered as total cost and level of nutrient content in each input is treated as the input price.
Third, frontier eco-efficiency (FEE) is based on both the concepts of cost-benefit analysis and the
productive efficiency principles (Callens and Tyteca 1999). In the ecological economics literature,
the calculation of environmental efficiency uses the DEA technique rather than the SFA because
SFA is used for benchmarking rather than relating to the production theory.
4.4.1

Environmentally adjusted production efficiency

EAPE measurement is based on the directional distance function approach by (Fare and
Grosskopf 2000), in which a sub-vector of environmentally-detrimental inputs is minimized, while
holding other conventional inputs and outputs constant. This is also called sub-vector efficiency
measurement, which depends on different objectives and one may use the sub-vector for different
environmental factors. For example, using a similar approach, previous studies have examined
various environmental detriments in agricultural production such as CO 2 emission (Lansink & Silva,
2003), energy (Lansink, Pietola, & Backman, 2002), pesticides (Lansink and Silva 2004), and
irrigation water use (Frija et al. 2009; Lilienfeld and Asmild 2007; Speelman et al. 2008).
It is similar to standard efficiency measurement where irrigation water efficiency is a
measure representing the minimum feasible amount of irrigation water used to produce a given
level of outputs and other inputs. Potential reduction in irrigation water can be achieved without
adversely affecting yields, which suggests excessive use of irrigation water (Lilienfeld and Asmild
2007; Speelman et al. 2008; Varghese et al. 2013). Lilienfeld and Asmild (2007) provide an example
of relative irrigation water inefficiency in agricultural production employing the sub-vector DEA
measurement approach (Speelman et al. 2008; Frija et al. 2009; Varghese et al. 2013). These studies
examine the reduction potential of irrigation water alone, based on the input-oriented efficiency
model. In addition, the sub-vector DEA efficiency is also employed to estimate irrigation water use
efficiency in horticultural greenhouses. The DEA is preferred to SFA due to its ability and flexibility
of calculating sub-vector efficiencies (Speelman et al. 2008; Varghese et al. 2013).
Variations of the irrigation water use efficiency can be analyzed as a conventional second
stage in the inefficiency analysis models. For example, Wang (2010) who used a Tobit model as the
second stage to examine the irrigation water efficiency of farmers in northwestern China found
that larger farms and farms with younger operators were more likely to be efficient in water use,
whereas farmers using the irrigation system were not significantly affecting levels of water use
efficiency. Nevertheless, production technology and irrigation systems could help farmers improve
their level of irrigation water efficiency. Notably irrigation water efficiency is low in tomato, melon,
and pepper production, in spite of government’s subsidies for water-saving technologies.
However, farmers who received more extension service (i.e., technical training, water conservation,
and the use of fertigation [injection of fertilizers, soil amendments, and other water-soluble
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products into an irrigation system]), tended to achieve higher levels of irrigation water use
efficiency (Frija et al., 2009).
In Vietnam, it is common for farmers to have difficulty accessing water sources, particularly
during droughts in recent years. There are no user fees or limits to the number of wells and their
depth, which is one of the primary causes of over-irrigation in coffee production (D’haeze et al.
2005). In addition, over-irrigation in some coffee plantations may cause water shortages in
neighboring areas or may lead to degradation of groundwater systems (D’haeze et al. 2005). Thus,
efficient use of water resources is one of the most important strategies for the sustainable
development of the coffee industry as a whole.
4.4.2

Materials balance-based environmental efficiency

According to the principle of materials balance, materials in inputs are transformed into
outputs, including desirable and undesirable output (i.e., emissions), which potentially cause
pollution (Ayres, 1995). Since the materials balance principle holds true in any cultural system, it
has received increasing attention in efficiency literature recently. Reinhard and Thijssen's (2000)
work was one of the first attempts to address the materials balance issue. They used the materials
balance principle to calculate the nitrogen pollution variable, which is treated as an input variable
in DEA models. Environmental efficiency was measured by contracting the pollution input variable
while holding the output and the conventional inputs constant. In another study, Reinhard et al.
(1999) treated nitrogen surplus as the most serious environmentally detrimental input for Dutch
dairy farms brought about by the application of manure and chemical fertilizers. In this case, the
nitrogen efficiency (which is known as environmental efficiency), is estimated to be 44 percent, on
average. However, this treatment of nutrient balance as an input in the production frontier
framework causes mathematical violations of the DEA solution (Coelli, Lauwers, and Huykenbroeck
2007).
Coelli, Lauwers, and Huykenbroeck (2007) propose the use of the materials balance
principle based on standard cost minimization problems. This study focuses on both cost
minimization and nitrogen or nutrient minimization, in which the nitrogen or nutrient are
contained in inputs. Unlike the previous approaches, this method does not require incorporating
extra variables in production frontiers. This method, however, has some shortcomings, such as the
lack of universal acceptance of weights for various materials and the ambiguous treatment of
immaterial inputs. These two limitations can be overcome by the use of cumulative exergy content
(Hoang and Rao 2010).
4.4.3

Frontier eco-efficiency

The traditional frontier efficiency framework examines the relationship between inputs
and outputs of a production technology. Frontier eco-efficiency is derived using the frontier
efficiency framework to investigate the relationship between a set of environmental pressures and
the economic value of a production process (Callens and Tyteca 1999; Picazo-Tadeo, BeltránEsteve, and Gómez-Limón 2012). There are a number of studies that used this framework, although
various techniques have been applied to measure eco-efficiency (i.e., sustainable value-added
indicator, which incorporated the three dimensions of sustainability by Figge and Hahn 2004).
However, the indicator measured may be interpreted in different ways depending on arbitrary
subjective views or weighting schemes (Kortelainen 2008; Kuosmanen and Kortelainen 2005).
Departing from the standard eco-efficiency indicator as the ratio between economic value-added
and environmental damage, and the DEA framework, recent studies have proposed several
measures of eco-efficiency. One may categorize the production factors as inputs, desirable
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outputs, and undesirable outputs or bad outputs. Then, undesirable outputs are treated as inputs
and the DEA framework is used to solve the linear programming problem to obtain eco-efficiency
for each individual production unit. In this context, inputs and undesirable outputs are to be
minimized, while level of good output (known as input-oriented DEA) or desirable outputs, are to
be simultaneously maximized (i.e., directional distance DEA) (Zhang et al. 2008). However, in the
empirical context, there may be no data for undesirable outputs.
Rather than examining specific undesirable outputs, Kuosmanen and Kortelainen (2005)
propose an eco-efficiency measure evaluating the relative relationship between value-added and
environmental pressures using the DEA technique. Economic value-added is treated as the output
and environmental pressures are treated as the inputs in the DEA framework. Hence, if the outputoriented constraint is used, one could derive eco-efficiency from solving the linear programing
problems that maximize value-added while environmental pressures are kept constant. On the
other hand, if the input-oriented DEA is used, eco-efficiency indicates the percentage of its current
environmental pressures that could be used to maintain the same level of value-added. This is a
process in which an evaluated production unit is compared with a group of similar units as a
benchmark constructed from the best performers with similar characteristics.
Since then, several studies have used this approach to examine economic and
environmental performance of production units (Gómez-Limón, Picazo-Tadeo, and Reig-Martínez
2012; Kuosmanen and Kortelainen 2005). Picazo-Tadeo, Gómez-Limón, and Reig-Martínez (2011)
evaluated the economic and environmental performance of agricultural production using the DEA
eco-efficiency approach. The authors used data from 3,960 Spanish farms and economic valueadded was treated as output. Five environmental pressures were included: specialization indicator,
nitrogen, phosphorus balance, pesticide risk, and energy ratio. Radial eco-efficiency was obtained
with a mean of 0.56, which means that the farm could maintain its value-added with only 56
percent of its current level of environmental pressures. That is, there was a 44 percent of potential
proportional reduction of all environmental pressures that could be achieved, given the current
level of value-added. The authors also conducted a follow-up linear programming to maximize the
slack of all pressures (pressure excesses) and value-added shortfalls, while keeping the radial ecoefficiency unchanged. This procedure was used for specific pressures to calculate pressure-specific
eco-efficiency for individual farms as proposed for assessing input-specific technical efficiency
(Torgersen, Forsund, and Kittelsen 1996).

4.5

Second-stage DEA Analysis

DEA efficiency literature indicates that there are several common approaches to examine
contextual or environmental factors affecting inefficiency variance. In the first stage, DEA scores
are obtained by solving a linear programing problem and these scores are regressed on
socioeconomic covariates in the second stage. This is known as two-stage DEA. Most authors have
employed a censored (tobit) model for the second stage (Simar and Wilson 2007). They argue that
DEA scores are censored as imposed by the first stage, although coherent examination of the
effect of the censoring is lacking (Simar and Wilson 2007). An alternative to the tobit model is
ordinary least squares (OLS). Several studies used OLS to examine the relationship between DEA
scores and covariates (Aly et al. 1990; Ray 1991; Stanton 2002; Hoff 2007; Banker and Natarajan
2008; McDonald 2009). Despite the popularity of the tobit model, OLS can be used in many cases
as a sufficient second stage DEA model (Hoff 2007). In addition, McDonald (2009) argues that when
efficiency scores are generated by fractional data but not a censoring data process, then tobit
estimation is not appropriate. In such cases, the OLS is a consistent estimator, and this approach is
easily understood by a large community of people. The use of tobit or OLS has been debated and
each model has its advantages.
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The double bootstrap DEA approach proposed by Simar and Wilson (2007) gained much
attention among researchers, although the use of second-stage regressions involving DEA
efficiency scores is criticized (Simar and Wilson 2011). Since, Simar and Wilson (2007) proposed the
double bootstrapping DEA, many studies have employed the approach (Aldanondo-Ochoa,
Casasnovas-Oliva, and Arandia-Miura 2014; Lee and Worthington 2014; Picazo-Tadeo, GomezLimon, and Reig-Martínez 2011; Tsolas 2011). This method could provide statistical properties for
estimated DEA efficiency scores and could also improve statistical efficiency in the second stage
regression. A recent study also suggests that the use of second-stage regressions using DEA
efficiency scores as the dependent variable is not recommended and it depends on particular
purposes of researchers (Simar and Wilson 2011). The double bootstrap method by Simar and
Wilson (2007) has a number of restrictive assumptions about the data-generating process (DGP).
Another disadvantage of this approach is that confidence intervals sometimes do not cover the
corresponding parameters due to some unknown features in the data (Simar and Wilson 2007).
The method also depends on sample sizes. Therefore, there is some doubt about the statistical
property provided, which is one of the major contributions of this method.
It is a fact that estimated DEA efficiency scores are bounded by the nature of its
measurement. Since these scores are not censored, using censoring models (i.e., tobit) may not be
appropriate since the model does not describe how the scores were generated (McDonald 2009).
Second-stage regression involving DEA efficiency scores should then use models that describe the
dependent variable as fractional data. McDonald (2009) suggests that the fractional regression
proposed by Papke and Wooldridge (1996) provide similar inferences for second-stage regression.
In addition, fractional regression is asymptotically more efficient than OLS. Ramalho, Ramalho, and
Henriques (2010) promoted the use of the fractional regression models (FRMs) in second-stage
regressions to examine factors affecting efficiency. In their study, a cross-sectional data set of 266
farms was used. The standard input-oriented DEA framework was employed to calculate efficiency
scores in the first stage. In the second stage, efficiency was regressed on relevant covariates using
FRMs with various functional forms (logit, probit, log-log, and complementary log-log [cloglog]).
The authors also developed two-part models to evaluate factors affecting the efficiency level of
fully efficient farms (the first component) and inefficient farms (the second component). In
addition, three types of tests are also proposed for testing appropriateness of different functional
forms. For example, the model specification P and GOFF tests reveal that the complementary loglog model is appropriate for the one-part model, since the empirical data set is relatively small.
However, in some cases the tests fail to reject other functional forms (i.e., logit, probit, or log-log).
Then, the FRMs may be suited to describe fractional dependent variables, though appropriateness
of functional forms for the dependent variable may depend on particular empirical contexts.
Other authors have proposed the use of some common estimation techniques and a couple of
new techniques. As summarized by Liu, Lu, and Lu (2016), Banker and Natarajan (2008) argue that
OLS, maximum likelihood, and tobit are all appropriate and OLS is more robust than the double
bootstrap method in evaluating the impact of contextual variables on productivity. Similarly,
McDonald (2009) advocates using OLS, not tobit, since DEA scores are not censored. Simar and
Wilson (2011) compare the bootstrap truncated regression approach by Simar and Wilson (2007)
and the OLS by Banker and Natarajan (2008). A new two-stage approach is recently proposed by
Bădin, Daraio, and Simar (2012) to examine the effect of contextual factors using a conditional
efficiency measure. In addition, Johnson and Kuosmanen (2012) offer a semi-nonparametric onestage estimator in which contextual factors are directly incorporated into the standard DEA
formulation.
In our empirical context, three types of efficiency measures (irrigation water efficiency,
nutrient efficiency, and eco-efficiency) are calculated in the first stage. This is a benchmarking
process rather than a description of production technology. The first stage indicates that no type
of efficiency with a significant number of farms operating on the efficient frontier is observed. For
example, 51 out of 2,161 observations in the eco-efficiency model reached the unity score and this
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number for water and nutrient efficiency is 54 and 38, respectively. This reflects the common
practice of using environmental inputs inefficiently, as the primary objective of farms is economic
benefit, not environmental protection. This is different from cost or technical efficiency, in which
many farms may reach the unitary DEA score. One of our objectives is to examining contextual
factors affecting the inefficient use of environmentally-detrimental inputs. Therefore, excluding all
farms with unitary efficiency score in the second stage is to focus on an evaluation of the
relationship between contextual factors and inefficiency variance. This also allows using the
different approaches mentioned above to provide more robust results, because there is a lack of
theoretical analysis that indicate that a particular approach is superior to the others. For example,
OLS may not be a problem, since the unitary change in a particular covariate is not constant over
the entire range of inefficiency scores (Ramalho et al., 2010) because no unitary value of efficiency
is observed. This is especially true for nutrient efficiency and eco-efficiency, as the distribution of
the efficiency scores is intuitively normal. In such cases, the estimation results from either tobit,
OLS, or even truncated regression are similar (Thiam, Bravo-Ureta, and Rivas 2001;
Besstremyannaya 2013). As indicated in the literature, using FRMs is the most natural way of
modelling proportional and bounded response variables. DEA efficiency scores affect the data
generating process and they are bounded at unity. Thus, the use of FRMs for second-stage DEA is
likely to be appropriate. In addition, our data set is relatively large, about 2,400 observations from
3-year panel data. This may help overcome a common shortcoming (small-sample bias) of all
estimators proposed for the second stage DEA in the literature, including FRMs. In short, for
reasons stated above, the relationship between contextual factors and efficiency variation is
evaluated using three approaches: OLS, tobit, and FRMs.

5.0 RESEARCH METHODS
This section discusses relevant theoretical approaches and methodologies, which are used
to address the objectives of the proposed study. The production function part provides
background information on the production economics in which the general distance function
approaches and parametric and non-parametric methods for efficiency measurement are
discussed. The details on nutrient efficiency approach and bootstrapping techniques are then
discussed. Regarding social welfare analysis, the study used spatial autoregressive stochastic
frontier models and latent class modelling.

5.1

Frontier-based Environmental Efficiency Approaches

A common way to present a multi-input, multi-output production technology is to use the
technology set (T). Suppose that firms produce a vector of M outputs,
K
y=�y1 ,y2 ,⋯,ym �∈RM
+ using a vector of K inputs, x=(x1 ,x2 ,⋯,xk )∈R+ . The production technology is
assumed to satisfy properties of convexity, free disposability, and boundedness (Fare & Grosskopf,
2000) and is defined as:
(1)
T ={(y, x):x can produce y}

Production technology can equivalently be described using output and input sets. The
output set, P(x), represents the set of all output vectors, y, which can be produced using the input
vector, x. The feasible production set, P, is defined as:
(2)
P(x)={y:(x, y)∈T}= {y: x can produce y}
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The input set, L(y), consists of all input vectors, x, that can produce a given output vector, y.
The input set, L(y), is defined as:
(3)
L(y)={x:(x, y)∈T}= {x: x can produce y}

Since Charnes, Cooper, and Rhodes (1978) developed a mathematical programming
technique to estimate a best-practice frontier without imposing restrictions on production
technology, the DEA approach has been extended and applied to a wide range of issues as
discussed above. Generally, DEA techniques are based on solving objective functions with
constraints (i.e., relative relationship between virtual outputs and inputs) and dual versus primal
problems. The two common DEA approaches are known as input-oriented DEA (minimizing input
factors, X, while not decreasing current level of outputs, Y) and output-oriented DEA (maximizing
outputs, Y while not increasing inputs, X). The input-oriented DEA is defined as:
θ� = min�θ01 �γY ⋝ y0i ; θ0i ; x0i ⋝ γX; γ ⋝ 0; N1' γ = 1�

(4)

γ,θ

where λ is a vector of weights λ (n x 1); θ is a scalar shrinking factor; the dimensions of
vector y, y0 , x0, and x are y(m × n), y0(s × 1), x0(k × 1), and x(k × n) respectively. θ� i represents the
input-oriented TE score of the ith DMU, the value of which ranges between 0 and 1.
R

5.1.1

Irrigation water use efficiency

This measurement is based on the EAPE in which amount of irrigation water is treated as
the sub-vector. Then, irrigation water efficiency explains potential reduction in irrigation water
that farms could achieve, while holding other conventional inputs (i.e., labor, fertilizers, and
capital) and outputs constant. Using the standard input-oriented DEA framework, the sub-vector
efficiency measurement for irrigation water can be calculated for each farm by solving the
following linear programming problem:
θ� = min�θ01 �γY ⋝ y0i ; θ0i w0i ⋝ γW; x0i ⋝ γX; γ ≥ 0; N1' γ=1�
γ,θ

(5)

This is similar to the standard DEA technique in Equation (5). In the input-oriented DEA
framework, the vector of inputs is minimized, given the level of output. For the EAPE or irrigation
water efficiency, the sub-vector irrigation water (denoted as w in Equation 5) is used and
minimized, keeping other conventional inputs (denoted as x in Equation 5) and output (y)
constant. Therefore, the technical efficiency defined in Equation 5.5 is interpreted as irrigation
water efficiency. An efficiency score, θi, having a value between 0 and 1, represents performance of
the corresponding farm. A value of 1, which explains that the farm is fully efficient, also suggests
water use inefficiency. For example, a water efficiency of 0.80 indicates that the farm could have
reduced 20 percent of its current level of irrigation water without changing other inputs and
outputs. The estimated excess irrigation water applied can then be calculated as (1 - θi)xi. As
analyzed in the literature, the sub-vector efficiency has been widely employed in agricultural
production to examine efficiency of irrigation water (Lilienfeld and Asmild 2007; Varghese et al.
2013).
5.1.2

Nutrient efficiency measurement

Coelli, Lauwers, and Huylenbroeck (2007) propose MB-based models to estimate
environmental efficiency and define it as the ratio of the minimum nutrient amount to the
observed nutrient amount. The difference between nutrient content in inputs and outputs in a
production technology is known as nutrient surplus (i.e., pollution). Mitigating environmental
impact of a production technology means that the nutrient surplus is minimized. The cost
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efficiency approach assumes that the output vector is given, the nutrient surplus will be minimized
when the total nutrient content of the inputs is minimized. This is also known as nutrient-oriented
environmental efficiency (NE). The MB-based model of Coelli, Lauwers, and Huylenbroeck (2007) is
described below (Hoang and Nguyen 2013):
Based on the input-oriented framework, this method was designed to optimize the
following problem:
NC(y,a) = min {a'x|〈x,y〉∈T}

(6)

T={(y,x):x can produce y}

(7)

x

where, the feasible production set, T, is defined as:

NC is the total amount of nutrient in vector inputs (x) and NC = a′x; a denotes a vector
(K×1) of non-negative constants representing the level of nutrient content in each input.
NC NE a'x NE
NE=
=
NC
a'x

(8)

where NC NE is a solution to Equation (6) and x NE is a vector of inputs by which the nutrient
amount in this vector is minimized, NC NE = a′x NE . NE is similar to cost efficiency in terms of the
estimation procedure in which the vector of nutrients in the inputs is used instead of prices. That
is, the nutrient efficiency measure is achieved using a following cost-minimizing DEA program:
min �γei = a'i xei �Yλ ⋝ yi ; xei ⋝ Xλ; λ ⋝ 0; N1' λ=1�
γ,θ

(9)

where NC0 =a'i x0i is the total observed nutrients of inputs and NCNE = a'i xNE
i is the minimum
nutrient of DMU i . Here, NE, is defined as the ratio of the minimum nutrient to the observed
nutrient. That is, 0 < NE ≤1.
5.1.3

Frontier eco-efficiency (FEE)

In the context of the emerging need to strike a balance between economic growth and
environmental protection, eco-economic efficiency has become important to evaluate both
economic and ecological performance of a production unit. The eco-efficiency measure is one of
the major tools to promote strategies that environmental impacts are to be minimized, while
enhancing economic value of products or services in a production technology. Following the
standard DEA framework (Charnes, Cooper, and Rhodes 1978), eco-efficiency measurement can be
expressed as following problem:
μV
MaxFEE = m
(10)
w,μ
∑j=1 wj pj
s.t.

μV
∑m
j=1 wj pj

w≥0

≤1

where V is the value-added of the production unit or DMU, p j represents environmental
pressures, and µ, w j denotes weights for the value-added and corresponding environmental
pressures. J = 1, …, m, represents the number of environmental pressures. However, this model still
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has the limitation of yielding an infinite number of solutions, thus a constraint of a set of virtual
pressures 4 has been added. The above problem can be transformed to a linear form as below:
Max μV
w,μ

s.t.
m

� wj p j ≤ 1
j=1

m

− � wj p j ≤ − 1

(11)

j=1

m

μV − � wj pj ≤ − 1
j=1

w≥0

The dual form of this problem can be expressed:

MinΦ
λ,Φ

s.t.
n
0

� λi Vi − V ≤ 0
i=1

n

(12)

0

ΦP − � λi Vi ≥ − 0
n

i=1

� λi = 1
i=1

λi ≥ 0,

i = 1…n

By solving the above linear programming problem, the DEA eco-efficiency score for each
individual production unit is obtained. This score ranges between zero and one, where higher
values mean better economic and environmental performance. Eco-efficiency indicates that given
the level of value-added (both inputs and outputs are implicitly incorporated), the potential
reduction of environmental pressures that the production unit could proportionally obtain may be
determined.

5.2

Fractional Regression Models (FRMs)

FRMs only require the assumption of a functional form for the dependent variable. This
imposes the desired constraints on the conditional mean of the variable. The FRM that requires the
DGP can be expressed as:
(13)
y = G1 ( xit θ + αi + vit ),
it

4

Different environmental pressures may be subjectively imposed by different weights. However, the DEA framework
allows one to obtain weights for different environmental impacts by relatively comparing the evaluated production
unit with its benchmark. In addition, if required, normative judgments as subjective weights can also easily be
imposed (Kuosmanen & Kortelainen, 2005).
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where v it denotes time-varying unobserved heterogeneity, α i represents time-invariant
unobserved heterogeneity, and G(⊔) is assumed to have a logit, G(⎕) =

exp (⎕)

, or cloglog,

1+ exp (⎕)

G(⎕) = 1 − exp[− exp(⎕)] , specification. Following Ramalho, Ramalho, and Coelho (2015), the
DGP (Equation 13) can be transformed into an exponential regression form when G(⊔) has a logit
or cloglog specification as:
E( yit | xit , αi , vit ) = G1 [exp ( xit θ + αi + vit )].

(14)

H1 � yit � = exp( xit θ + αi + vit ),

(15)

Let H 1 ( ) = G 1 ( )-1. Then the above equation can be expressed as an exponential model
with transformed dependent variable:

y

where H1 � yit � = 1- yit (logit model) or H1 � yit � = −1n�1- yit �, (cloglog model) and y it is
it

restricted to the interval [0,1). These model specifications can deal with the zero value of the
dependent variable, which is recognized as an advantage in comparison to the linear-fractional
model.
Regarding the use of estimators, depending on the data set (i.e., time-varying or timeinvariant covariates), one may use different estimators. For example, the generalized method of
moments with pooled random effect (GMMpre) estimator, naturally, is only consistent under the
assumption of random effects. In such cases, it is similar to linear models, the marginal effects of
time-invariant covariates can only be identified in random-effects models, and the assumption
that x it and α i are independently distributed is reliable. This suffices for consistent estimation of θ.
Therefore, two components, x it and α i , can be treated as a single error term, and Equation (15) can
be expressed as:
H1 � yit �

exp( xit θ )

− 1 = exp(αi + vit ) − 1≡vitpre ,

(16)

As there is a lack of theoretical analysis to choose among different functional forms (logit or
complementary log-log), we employed both two models with the goal of providing more robust
evaluations of the results.

5.3

Study Site and Data
5.3.1

Study site

The research site of this study is the Central Highlands, known as the largest coffeeproducing area in Vietnam. The Central Highlands region includes five provinces: Dak Lak, Lam
Dong, Dak Nong, Gia Lai, and Kon Tum. These provinces have soil and climatic conditions that are
especially favorable for industrial crop cultivation (i.e., coffee, pepper, and avocado). In 2015, the
Central Highlands accounted for approximately 88 percent of the coffee planting area and coffee
production in Vietnam (Dries, Huong, & Ward, 2015). In fact, a massive expansion in coffee
production has been observed in recent decades in the region. Interestingly, over 85 percent of
coffee plantations are operated by smallholders, with a small production scale of 1–2 hectares
(Luong & Tauer, 2006).
In the region, certified coffee production has increasingly expanded in recent years. This
trend is recognized as coffee farmers and other value chain partners adhere to predefined
sustainable standards including social, environmental, and technical aspects. In the coffee sector
in Vietnam, certified production has been mostly operated under cooperation between coffee
farmers and roasters, and local or international exporters. Provincial agencies (i.e., Department of
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Agricultural and Rural Development), are not closely involved in sustainability certified production,
since this new technology may create positive externalities. Common certification schemes that
have actively operated in the region are UTZ, 4C, and Rainforest Alliance.
5.3.2

Data

A mixed cluster and stratified random survey of 896 coffee farmers for three crop years
(2012/13, 2013/14, 2014/15) in the three leading coffee production provinces in the Central
Highlands of Vietnam was conducted, using the face-to-face interviews. Data were gathered from
328 farms in Dak Lak, 348 farms in Lam Dong, and 220 farms in Gia Lai. The selection of districts
and communes where the farms are located was based on the importance of coffee as a key
livelihood for farmers, geographical and ecological representation, and certified coffee production.
Sampling was consulted with the Department of Agriculture and Rural Development at all
provincial, district, and commune levels. Each administrative unit is considered as a cluster. For
certified and conventional production to be comparable, this issue is addressed in a discussion
with local agencies to control for other factors such as economic conditions of the farmers,
production scale, as well as social dimensions (i.e., ethnicity group).
A structured questionnaire was used to collect the data. Prior to the main survey, focus group
discussions and pre-tests were conducted to finalize the survey instrument. The field survey was
undertaken from September 2015 to January 2016. Where applicable, the data were validated with
the diaries or log books that most coffee farmers use for their farming activities. Recalled data,
however, always has limitations about accuracy of detailed information. The variables of interest
are defined and summarized in Section 6.
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6.0 EMPIRICAL STRATEGIES
6.1

Weighted Number of Coffee Trees

In general, the age of perennial trees is biologically associated with yield production, and
therefore, needs to be incorporated in production analysis. Thus, a variable reflecting the effect of
tree age is necessarily constructed to avoid estimation bias due to different ages of trees between
farms. It takes about three years for newly planted coffee trees to start bearing fruit. The life of a
coffee tree is usually 20–30 years, depending on the variety. Trees less than eight years old show
strong yield production increases and reach their highest yield potential between 9–15 years of
age, from which point, yields start declining between years 16–20 years. There is a sharp drop in
yield after year 20. Following the methodologies used by Vo, Coelli, and Fleming (1993), Hasnah,
Fleming, and Coelli (2004), and Ofori-Bah and Asafu-Adjaye (2011), the variable representing
weighted tree age (wct) can be defined as:
wct = wg Tg(it) + w8- T8- (it) + w9-15 T9-15(it) + w16-20 T16-20(it) + w21+ T21+(it)

(17)

where, wct denotes the weighted number of coffee trees; T g(it) is the number of grafted
coffee trees; T 8 - represents the number of trees aged under 8 years; T 9-15 represents the number of
trees aged 9–15 years; T 16-20 represents the number of trees aged 16–20 years; T 21 + represents the
number of trees older than 21 years; w’s are the weights to be estimated. Since, trees between 9–
15 years are at their full production, they are assigned a weight of w 9-15 = 1. The mean of the
remaining w’s used the data from sampled farms using the average weight of dried coffee beans
per tree for each tree age group.
The result from a nonlinear regression model are presented in Table 1. Then the weighted
number of coffee trees of each farm, for a particular year, is calculated as
j
j β
wctit = T9-15(it) + ∑5j=1 Tit 4 , j≠4.
β

Table 1. Estimated weights of coffee tree age
Label
wg
β1
w8β2
w 9-15 β3
w 16-20 β4
w 21+
β5

6.2

Coef.
2.5299
2.0060
2.6676
3.1348
2.8356

Std. Err.
0.12
0.08
0.06
0.05
0.06

t
21.16
25.27
45.07
58.05
47.06

p>t
0.0000
0.0000
0.0000
0.0000
0.0000

Environmental Efficiency Measures and Inefficiency Models

As indicated in previous sections, there are two major environmental concerns in coffee
production in Vietnam, which are irrigation water and excessive use of inorganic fertilizers. In this
study, we aim at evaluating the economic and environmental performance of coffee farmers. First,
the EAPE approach is used to examine irrigation water efficiency. This model focuses on one of the
most important environmentally-detrimental inputs, irrigation water. Second, the MB-EE is
employed to evaluate the efficiency of nutrient content in inorganic fertilizers. As chemical
fertilizers contain a large proportion of nutrients and phosphorus, these factors contribute to
water and soil pollution. In addition, expenditure on chemical fertilizers accounts for about 60
percent of total production cost. This model involves both environmental and economic
evaluation of coffee production. Third, in a more comprehensive manner, we use the FEE approach
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to evaluate eco-efficiency in coffee production. This model covers all primary input and output
factors via value-added as well as environmental pressures in coffee production. In the second
stage, the relationship between environmental efficiency and contextual variables is examined.
For irrigation water efficiency, recall equation (5),
θ� = min�θ01 �λY ≥ y0i ; θ0i w0i ≥ λW; x0i ≥ λX; λ ≥ 0; N1' λ=1�

(18)

λ,θ

where variables are defined as:
Variable
cffoutputpwt (y)
waterpwt (w)
laborpwt (x 1 )
inferpwt (x 2 )
orcostpwt (x 3 )
alothercostpwt (x 4 )

Definition
Coffee output per weighted tree, measured in
kilograms of dried coffee beans
Irrigation water per weighted tree, measured in
liters
Labor use per weighted tree, measured in mandays
Amount of chemical fertilizers per weighted tree,
measured in kilograms
Expenditure on organic fertilizers per weighted
tree, measured in VND
Other costs per weighted tree, measured in VND

Mean
Std. Dev.
3.5620
2.06
1,209.5526

621.42

0.3219

0.21

2.6846

1.86

4,895.1002

7,201.47

5,562.0545

4,891.94

For nutrient efficiency, recall equation (5.9),
min �γei = a'i xei �Yλ ≥ yi ; xei ≥ Xλ; λ ≥ 0; N1' λ=1�
λ,θ

(19)

where variables are defined as:
Variable
NPpwt (ax)
cffoutputpwt (y)
Nw1 (w)
Nw2 (x 1 )
Nw3 (x 2 )
Pw1 (x 3 )
Pw2
Pw3 (x 4 )

Definition
Total nutrient and phosphorus applied per weighted tree,
measured in kilograms
Coffee output per weighted tree, measured in kilograms of
dried coffee beans
Nutrient content in NPK type 1, measured in percentage
Nutrient content in NPK type 2, measured in percentage
Nutrient content in NPK type 3, measured in percentage
Phosphorus content in NPK type 1, measured in percentage
Phosphorus content in NPK type 2, measured in percentage
Phosphorus content in NPK type 3, measured in percentage

Mean

Std.

0.6235

0.23

3.4761

0.99

16.2570
16.4991
16.7238
13.0729
9.6572
9.6573

1.20
1.29
0.90
3.98
3.23
2.16

For eco-efficiency, recall equation (5.12),
n

n

n

� =Min' {Φ | ΦP − � λi Pi ≥ 0; � λi Vi − V ≥ 0; � λi =1}
Φ
0

λ,Φ

λi ≥0, i=1…n

0

0

i=1

i=1

i=1

(20)
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where variables are defined as:
Variable
VApwt
nitropwt
phospwt
waterpwt
phfpwt
areapwt

Definition
Total value-added per weighted tree, measured in VND
Amount of nitrogen applied per weighted tree, measured
in kilograms
Amount of phosphorus applied per weighted tree,
measured in kilograms
Amount of irrigation water applied per weighted tree,
measured in liters
Amount of pesticides, herbicides and fungicides applied
per weighted tree, measured in kilograms
Density per weighted tree, measured in hectares

Mean
92,799.4432
0.4127

Std.
36,515.42
0.23

0.2249

0.15

1,209.8997

535.05

0.0058

0.01

0.0011

0.00

For efficiency models, the dependent variable is the environmental efficiency score. Unlike
technical or cost efficiency literature, the current study focuses on the environmental efficiency of
coffee production, and the estimated scores with unity value are very few. In addition, being fully
efficient is unrealistic. As one of our objectives is to investigate factors affecting inefficiency
variation, a few observations with unity efficiency scores were excluded. Independent variables are
factors involving economic and environmental performance in coffee production and are defined
and summarized as:
Variable
(z 1 )
elev
familisize
(z 2 )
expi

(z 3 )

Extensv

(z 4 )

shadetree

(z 5 )

windtree

(z 6 )

irrtype
cert
cfsize

(z 7 )
(z 8 )
(z 9 )

dens

(z 10 )

Yeardummy

(z 11 )

6.3

Definition
Elevation of farm from sea level, measured in meters
Family size, measured in number of people
Coffee farming experience of the household head,
measured in years
Access to extension services, 1=yes, 0=otherwise
Availability of shaded trees in coffee plantation,
1=yes, 0=otherwise
Availability of windbreak trees around coffee
plantation, 1=yes, 0=otherwise
Irrigation types, 0=flood, 1=otherwise (drip or spray)
Sustainability certification status, 1=yes, 0=otherwise
Coffee farm size, measured in hectares
Tree density, measured in number of coffee trees per
hectare
Year dummy variables for crop years 2012/13,
2013/14, and 2014/15

Mean
807.0508
4.5379

Std.
319.62
1.50

19.0360

7.13

0.3810

0.49

0.5458

0.50

0.5249

0.50

0.5692
0.5410
1.6450

0.50
0.50
1.45

1,081.3239

113.53

-

-

The Bootstrap Li test for Differences in Efficiency between Conventional and
Certified Production

Comparing efficiency among different groups of DMUs or time periods may provide useful
policy options, if appropriate techniques are used. The major concerns relevant to an analysis of
estimated DEA efficiency scores may violate the assumptions of common tests. For example, t-test
may not be appropriate since DEA efficiency scores are usually not independent or normally
distributed. DEA efficiency scores are bounded at unity, and in the DEA literature, most of the
scores often converge toward the boundary. Another issue of DEA efficiency analysis is that
estimated scores are used rather than true efficiency scores. Estimated scores are usually biased
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and dependent since DEA is a relative comparison between observed DMUs and its benchmarks.
Simar and Zelenyuk (2006) take into account these issues and propose the use of bootstrapped Li
test (Li 1996) to compare the distributions of DEA efficiency scores of two groups. For empirical
applications of this reliable tool see (Demchuk & Zelenyuk, 2009; Epure, Kerstens, & Prior, 2011;
Henderson & Zelenyuk, 2007; Kenjegalieva, Simper, Weyman-Jones, & Zelenyuk, 2009; Simar &
Zelenyuk, 2006). According to these authors, this technique may not be reliable if the dimension of
the DEA model is relatively high compared to the sample size. However, this did not appear to be a
problem for our data set with over 800 observations each year. In addition, this study aims at
environmental efficiency instead of technical or cost efficiency so there are very few farms having
unity efficiency. Therefore, in Algorithm I of the bootstrapped Li test, not many farms are excluded
and in Algorithm II, smoothed scores and original scores are not much different.
The procedure of the bootstrapped Li test using Algorithm II for comparing the
distribution of estimated DEA efficiency scores are adapted from Simar and Zelenyuk (2006) and
described as:
Step 1: Use standard DEA framework to estimate DEA efficiency scores for all farms.
Step 2: Use Algorithm II to smoothen unity environmental efficiency (EE) scores as follows:
EE* (xk , yk ) = �

EE(xk , yk ) -εk , if EE(xk , yk )=1
EE(xk , yk ),
if EE(xk , yk )<1

(21)

where εk = Uniform (0, min {n-2/(M+N+1) , a-1} and a is the α-quantile (e.g., 5%) of the
empirical distribution of EE(xk , yk ) <1.

Then, the sample estimates are split into two subsamples of DEA estimates, A and Z, that is
{EE *
{EE *

A ,k
Z ,k

:k = 1…, sA }

(A1)

:k = 1…, sZ }

(A2)

Step 3: Estimate the Li (1996) test statistic for the standardized distribution (as in equation
3.5 in Simar and Zelenyuk 2006), using data (A1) and (A2), and bandwidth
h* = min {h*A , h*Z }, where h*A and h*Z are obtained using some optimal rules applied to
(A1) and (A2) respectively.
Step 4: Resample from the largest subsample out of (A1) or (A2), with the purpose of
obtaining the bootstrap analogues of (A1) and (A2) and label them as
{EEb**

A,k

Z,k
{EEb**

: k = 1…, nA }

(A3)

: k = 1…, nZ }

(A4)

**
Step 5: Estimate the bootstrap Li test statistic using (A3) and (A4) and h** = min {h**
b,A , hb,Z },
**
where h**
b,A and hb,Z are obtained by applying the same optimal rule as in Step 3 to
(A3) and (A4), respectively.

Step 6: Repeat steps 4 and 5: b = 1…B times to achieve B bootstrap of the Li statistic that
will mimic the distribution of the original estimate of the Li statistic under the null
hypothesis.

Economy and Environment Program for Southeast Asia

25

7.0 RESULTS
7.1

Water Efficiency Analysis
7.1.1

Irrigation water efficiency and sustainability schemes in coffee production

The descriptive statistics of irrigation water efficiency are presented in Table 2. Excessive
irrigation water was estimated using the EAPE or sub-vector DEA approach for 829, 829, and 826
coffee farms in crop years, 2012/13, 2013/14, and 2014/15, respectively, for a total of 2,484
observations. The model was used to estimate the water efficiency of the farms in three crop years
separately. The mean irrigation water efficiency over the three years are 83.2 percent, 81.9 percent,
and 81.6 percent respectively. This implies that there is a potential reduction in the amount of
irrigation water used for coffee production in the region, without any change in coffee output and
other inputs. The irrigation water excess was about 17–18 percent of the irrigation water amount,
equivalent to about 200 liters per coffee tree per year. The average density of coffee trees was
calculated to be around 1,081 trees per hectare. With a total coffee planting area in the Central
Highlands of Vietnam at about 580 hectares, the region may potentially reduce approximately 125
million litres per year, if the coffee sector operates in the efficient frontier. It is not realistic to be
fully efficient, however, but if farms could improve irrigation water efficiency by 5 percent, for
example, this scenario could also reduce about 40,000 m3 of irrigation water per year for the
region.
Table 2. Descriptive statistics of irrigation water efficiency
Water efficiency
Certified production
Mean
Std.
Obs.
Conventional production
Mean
Std.
Obs.
Overall production
Mean
Std.
Obs.

2012

2013

2014

0.8355
0.0441
406

0 .8193
0.0311
459

0.8161
0.0342
455

0.8278
0.0367
423

0 .8181
0 .0282
370

0.8151
0.0303
371

0.8315
0 .0407
829

0 .8187
0 .0298
829

0 .8156
0 .0325
826

To illustrate the distribution of irrigation water efficiency, the Kernel distribution estimate
was used (Figure 1). Overall, the distribution of irrigation water efficiency tends to converge
toward their mean and relatively identical among farms. One may argue that inefficient use of
irrigation water is due to the fact that all coffee farmers could access irrigation water without
difficulty, and no use fee is applied when extracting water. Moreover, there is not much difference
among farms in terms of using water resources for coffee cultivation. The figure indicates that the
use of irrigation water is relatively identical among different farms. This is especially true for crop
year 2013/14 and 2014/15.
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Figure 1. Kernel estimated densities of irrigation water efficiency
To evaluate the sustainability schemes regarding irrigation water efficiency, two groups of
farms, conventional and certified farms, were identified. The descriptive statistics of the irrigation
water efficiency of conventional or uncertified and certified farms are presented in Table 3. The
efficiency means of the two sample groups are likely similar over the three crop years. Figure 7.1
can intuitively reveal that there is a difference in irrigation water efficiency between the two
groups in the crop year 2012/13, whereas, this difference seems to be unclear for the other two
crop years.
The results of the Simar-Zelenyuk adapted Li-test for equality of irrigation water efficiency
distribution, provide statistical evidence in some cases and the power of the test changed over
time. As presented in Table 3, in the first crop year, the distribution of irrigation water efficiency
between certified and conventional coffee production is statistically different. The test statistic of
3.1315 with corresponding bootstrap p-value of 0.0020 indicates that at the 99 percent confidence
limit, the irrigation efficiency of certified farms is higher than that of conventional farms in crop
year 2012/13. However, this trend appears to be opposite in the next crop year, although statistical
evidence is lacking at the usual confidence intervals. In the last crop year of the data set, 2014/15,
we fail to reject the hypothesis of no difference in the distribution of irrigation water efficiency
between certified and conventional coffee farm groups. One may infer that the sustainability
certification schemes had positive effects on the use of irrigation water, which is a positive
externality in coffee production. Because certified farms are more efficient in using irrigation water
resources than their conventional counterparts, they can help increase water availability for other
purposes or neighboring farms. This positive externality was not significantly compensated since
the premium for certified coffee output is still insignificant. This may be one of the reasons why in
the last two crop years of the data set, the effect of the sustainability scheme on irrigation
efficiency appears to be unclear.
Table 3. Simar-Zelenyuk adapted Li-test for equality of water efficiency distribution
Null Hypothesis
f(Cert Eff2012) = f(Conv Eff2012)
f(Cert Eff2013) = f(Conv Eff2013)
f(Cert Eff2014) = f(Conv Eff2014)

Test Statistic
3.1315
−0.4267
0.4921

Bootstrap p-value
0.0020
0.5420
0.4590
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7.1.2

Water efficiency variance analysis

The results of models examining the relationship between water efficiency variation and
the contextual or environmental variables are presented in Table 4. In the first two columns, the
regression results, using OLS and Tobit models, respectively, are summarized. The last two
columns present the fractional models using two available functional forms, cloglog and logit.
Overall, the OLS and Tobit models are statistically significant at the usual confidence intervals with
Wald chi-square of 399.55 and 392.54, respectively. The fractional models were able to obtain
feasible results. In general, the results are relatively consistent across the four model estimations
regarding the sign and statistical evidence associated with the estimated coefficients.
Table 4. Factors affecting irrigation water efficiency
Model 1: OLS
0.00003***
(0.0000)
famisize
0.00021
(0.0004)
expi
0.00004
(0.0001)
extensv
−0.00335***
(0.0012)
shadetree
0.00049
(0.0016)
windtree
0.00326**
(0.0015)
irrtype
−0.00858***
(0.0014)
cert
0.00142
(0.0009)
cfsize
−0.00018
(0.0003)
dens
−0.00001
(0.0000)
year=2013
−0.01028***
(0.0007)
year=2014
−0.01406***
(0.0009)
constant
0.81228***
(0.0071)
* p<0.10, ** p<0.05, *** p<0.01
elev

Fractional Models
Model 2: tobit
Model 3: cloglog
0.00004***
0.00014**
(0.0000)
(0.0001)
−0.00023
0.00000
(0.0007)
(0.0041)
0.00014
0.00005
(0.0001)
(0.0008)
−0.00386*
−0.01284
(0.0020)
(0.0163)
−0.00257
0.00662
(0.0023)
(0.0149)
0.00596**
0.01474
(0.0024)
(0.0163)
−0.01272***
−0.03558**
(0.0021)
(0.0150)
0.00214
-0.00080
(0.0018)
(0.0123)
−0.00003
−0.00167
(0.0006)
(0.0038)
−0.00003***
−0.00002
(0.0000)
(0.0001)
−0.01259***
−0.03645**
(0.0012)
(0.0170)
−0.01595***
−0.05058***
(0.0012)
(0.0157)
0.83378***
0.50095***
(0.0101)
(0.0907)

Model 4: logit
0.00063***
(0.0002)
−0.00761
(0.0111)
0.00037
(0.0011)
−0.05576**
(0.0231)
0.03703*
(0.0215)
0.08022**
(0.0366)
−0.12588***
(0.0236)
0.01229
(0.0185)
−0.01056*
(0.0055)
−0.00016
(0.0002)
−0.07049*
(0.0388)
−0.12938***
(0.0221)
1.40534***
(0.1609)

Regarding particular farm characteristics or socioeconomic conditions, the results
presented in Table 4 provide some interesting evidence. This may be useful for policy options in
the context of coffee production in Vietnam. First, elevation from sea level is one of the favorable
natural conditions for coffee farms to reach a higher irrigation water efficiency than those at lower
elevations. Although data on precipitation or rainfall is not available, it is commonly known that
high-altitude terrain have higher rainfall. Farms at higher elevations may receive higher rainfall
and require less irrigation water. It is obvious that irrigation type significantly affects irrigation
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water efficiency variation. In addition, other factors (i.e., soil condition) may also be more favorable
at high altitude farms, leading to higher yield.
Irrigation type is an important variable affecting irrigation water efficiency variance. The
estimated coefficient associated with irrigation type is negative and significantly affect the
irrigation water efficiency (p<.05) across all models. As constructed, irrigation types incorporated
in the model include flood or furrow irrigation and other types (i.e., drip and spray irrigation). In
fact, spray and drip irrigation systems require higher technology than flood irrigation, which is
considered as a low-tech system. This means that drip and spray irrigation systems better improve
irrigation water efficiency in coffee production. Another interesting finding is that the availability
of windbreak trees positively and significantly influences irrigation water efficiency (p<.05) for
almost all models but the cloglog fractional model. Unlike shaded trees in the coffee plantation,
windbreak trees, which can be local woody plants or fruit trees, are grown around coffee
plantation plots. Therefore, windbreak trees may be an appropriate option to improve water
efficiency in coffee production and may generate an extra benefit to the farmer.
It is worth noting that there may be challenges preventing the improvement of irrigation water
efficiency in coffee production. This can be seen through the results associated with the year
dummy variables. The coefficients of the crop years are negative and statistically significant in all
models. This is especially true for crop year 2014/15. The absolute values of coefficients associated
with crop year 2014/15 are greater than those of crop year 2013/14 in all models. This implies that
irrigation water efficiency significantly decreased from crop year 2012/13 to crop year 2014/15.
The result also indicates that there is no difference between certified and conventional production,
although the coefficient associated with this variable is positive but insignificant in all models over
the years. Compared with the result of Li-tests presented in Table 3, one can infer that the decrease
in irrigation water efficiency in coffee production over the period is mostly due to certified coffee
farms. Further investigation on the benefits of being certified or gaps between certification
regulations and real practice, should be taken into account. Another point is that the coefficient
associated with extension service participation of the farmers is negative and significant in almost
all models, except the cloglog fractional one. This may be an indication that the extension service
provided by local government agencies is not useful.

7.2

Nutrient Efficiency Analysis

Note that nutrient efficiency is one direct application of the materials-based efficiency
models in which only several nutrients, such as nitrogen and phosphorous, are considered in
response to the fact that the excessive use of these two nutrients is known as a major cause of
eutrophication (Smith, Joye, & Howarth, 2006). Applying the materials balance principle, Hoang
and Nguyen (2013) propose that the aggregation of nitrogen and phosphorus in the environment
due to rice production are key elements for examining the materials-based environmental
efficiency. In this study, nutrient efficiency is defined as the potential reduction in the amount of
nutrients that each DMU can achieve without reducing its production output. A search of the
literature indicates that there is no empirical investigation into the environmental efficiency of
Vietnamese coffee production, notwithstanding the fact that the overuse of chemical fertilizers has
been identified as an extremely important issue (Dzung et al., 2011).
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7.2.1

Nutrient efficiency and certification schemes in coffee production

Nutrient efficiency in coffee production was calculated using the MB-based approach
described above. The model was used to estimate the nutrient efficiency of the farms in three crop
years separately. Table 5 provides descriptive statistics of nutrient efficiency for an unbalanced
panel of 701, 707, and 726 farms in crop years, 2012/13, 2013/14 and 2014/15 respectively. Overall,
the means of nutrient efficiency scores are 52.02 percent, 49.91 percent, and 49.65 percent, for the
three crop years, respectively. There was about 50 percent nutrient content in chemical fertilizers
applied in coffee production, which did not lead to an increase in coffee output over three crop
years. This implies that the use of nutrient or chemical fertilizers in coffee production is inefficient.
It is noted that expenditure on chemical fertilizers in coffee production is always the highest
proportion of total production cost. From our data, chemical fertilizer expenditure accounted for
about 57 percent of total production cost. Reduction in nutrient content means a reduction in
chemical fertilizers, thereby increasing profit possibility. Improving nutrient efficiency in coffee
production not only helps protect the environment (e.g., soil, water resources) but also achieves
higher economic benefits for the farmers.
Table 5. Descriptive statistics of nutrient efficiency
Nutrient efficiency
Certified production
Mean
Std.
Obs.
Conventional production
Mean
Std.
Obs.
Overall production
Mean
Std.
Obs.

2012

2013

2014

0.5445
0.1818
351

0.5097
0.1832
400

0.5010
0.1782
418

0.4958
0.1762
350

0.4854
0.1743
307

0.4903
0.1769
308

0.5202
0.1836
701

0.4991
0.1797
707

0.4965
0.1776
726

Kernel density estimate was employed to illustrate the distribution of the nutrient
efficiency between conventional and certified coffee farms as shown in Figure 2. Over the three
crop years, the distribution of the nutrient efficiency scores is similar to the normal distribution. In
the technical efficiency literature, efficiency scores tend to converge highly toward unity,
indicating significant skewness of the distribution (Ramalho et al., 2010). This distribution allows us
to perform common statistical tests (i.e., t-test) or models (i.e., OLS) since normal distribution is an
important assumption.
Common techniques were also used to evaluate sustainability certification schemes in
terms of nutrient efficiency. The Kernel distribution estimate reveals that there may be differences
in nutrient efficiency between conventional and certified farms in crop year 2012/13. However, this
difference appears to be unclear in the other two crop years. A t-test was also performed to
examine nutrient efficiency between the two groups of farms and the results help explain the
Kernel distribution in Figure 2. In the first crop year, 2012/13 a t-statistic of 3.54 (p=0.0004) explains
that certified farms are more efficient than conventional farms in terms of using nutrient or
chemical fertilizers. In the following crop year, 2013/14, the result of the t-test indicates that
certified farms are likely more efficient than conventional farms (i.e., t=1.80, p=.073). In the most
recent crop year, 2014/15, we fail to reject the null hypothesis (i.e., t=0.81, p=.4195).
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Figure 2. Kernel estimated densities of nutrient efficiency
With the purpose of providing more robustness and to circumvent some issues (i.e.,
efficiency scores are not independent), the Simar-Zelenyuk adapted Li-test for equality of nutrient
efficiency distribution was performed (Table 6). The result is in line with the Kernel distribution
estimate and the t-tests between conventional and certified farm groups. In addition, the power of
the Li-test manifest the difference between the distribution of two groups (Simar & Zelenyuk,
2006). Even, in the last crop year the trend seems to be the reverse. However the result is
statistically insignificant. This trend over the three years may suggest that sustainability
certification had a positive impact in terms of using chemical fertilizers in the first crop year of the
data set. However, this effect seems to be unclear since there is no difference in the nutrient
efficiency found between conventional and certified coffee production.
Table 6. Simar-Zelenyuk adapted Li-test for equality of nutrient efficiency distribution
Null Hypothesis
f(Cert Eff2012) = f(Conv Eff2012)
f(Cert Eff2013) = f(Conv Eff2013)
f(Cert Eff2014) = f(Conv Eff2014)

Test Statistic
1.5620
0.0826
-0.3042

Bootstrap p-value
0.0400
0.9100
0.7110

From the test results of the difference in the nutrient efficiency between conventional and
certified farm groups, several possibilities can be considered. First, conventional farms might be
more efficient in using chemical fertilizers during the three crop years. This may be due to spillover
effects from certified farms to uncertified farms because coffee production in Vietnam has been
operated by small-scale farmers living close to each other in their communities. This social
connection may have helped the exchange of farming knowledge among farmers. Second, on the
certified production side, certified farms might be getting less efficient in using chemical fertilizers,
over the years. This might have happened if certifications were unable to help to improve the
economic benefits to the farmers or the commitment of the farmers to the certification rules was
getting weaker and the auditing process is not effective. The third possibility may be the result of
both possibilities. This means that certified and conventional farms operated in opposite
directions. The certified farms were becoming less efficient and conventional farms were
becoming more efficient in terms of using chemical fertilizers in coffee production.
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7.2.2

Nutrient efficiency variance analysis

Table 7 presents the results from four different models examining the relationship
between nutrient efficiency variance and the contextual or environmental variables. In the first
two columns, Model 1 and Model 2 summarize the regression results using OLS and tobit,
respectively. The results of cloglog and logit functional forms using the fractional regression
approach are presented in the last two columns. Overall, the OLS and tobit models are statistically
significant, as a Wald chi-squared of 73.10 (p=.00) for OLS and 75.39 for tobit (p=.00), respectively.
The fractional regression models were statistically feasible. In general, the results are relatively
similar across the four models in terms of the signs and statistical evidence associated with the
estimated coefficients.
Table 7. Factors affecting nutrient efficiency

Elev
Famisize
Expi
extensv
shadetree
windtree
irrtype
cert
cfsize
dens
year=2013
year=2014
constant

Model 1: OLS
-0.00004***
(0.0000)
0.00171
(0.0029)
0.00118*
(0.0006)
-0.01537*
(0.0084)
0.01720*
(0.0096)
0.00557
(0.0096)
-0.02619***
(0.0091)
0.01250
(0.0091)
-0.00231
(0.0021)
0.00013***
(0.0000)
-0.02507***
(0.0083)
-0.02587***
(0.0093)
0.37606***
(0.0486)

Fractional Models
Model 2: tobit
Model 3: cloglog
-0.00003*
-0.00010***
(0.0000)
(0.0000)
0.00125
0.01990***
(0.0028)
(0.0066)
0.00130**
0.00329
(0.0006)
(0.0015)
-0.02499***
-0.04788**
(0.0086)
(0.0194)
0.01741*
0.05182**
(0.0098)
(0.0208)
0.01428
0.04825**
(0.0099)
(0.0214)
-0.01881**
-0.07576***
(0.0089)
(0.0217)
0.01568*
0.06503***
(0.0093)
(0.0212)
-0.00145
-0.01291***
(0.0027)
(0.0037)
0.00015***
0.00042***
(0.0000)
(0.0001)
-0.02386**
-0.10378***
(0.0095)
(0.0237)
-0.02613***
-0.10304***
(0.0095)
(0.0241)
0.34429***
-0.71918***
(0.0477)
(0.0965)

Model 4: logit
-0.00002
(0.0002)
0.12555***
(0.0413)
-0.00198
(0.0106)
-0.32753**
(0.1521)
-0.12280
(0.2196)
0.43931***
(0.1653)
0.11532
(0.1578)
0.46811***
(0.1709)
-0.05160**
(0.0207)
0.00011
(0.0007)
-0.58895***
(0.1808)
-0.51090***
(0.1775)
0.19379
0.9261

Table 7 also indicates some contextual factors that could possibly improve nutrient
efficiency in coffee production. It is interesting that the coefficient associated with irrigation type is
negative and statistically significant in almost all models (p<.05) except the fractional logit model.
With high-tech irrigation systems (i.e., drip and spray), coffee farmers could reach higher nutrient
efficiency than the flood irrigation system. In fact, flood or furrow irrigation may carry fertilizers
away via surface water run-off during the irrigation season. This may explain the advantage of drip
and spray irrigation over traditional flood irrigation. Therefore, drip and spray irrigation systems
not only improve irrigation water efficiency but also nutrient efficiency. However, high-tech
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irrigation systems also require a larger investment in machinery. Thus, cost and benefit analysis
should be done to provide a better option for coffee farmers. Government policies may also
promote the high-tech systems since these bring positive externalities or positive effect for the
coffee industry as a whole. In addition, farming experience may have a positive relationship with
nutrient efficiency improvement. The coefficient associated with this variable is positive and
statistically significant in OLS and tobit models, but insignificant in the fractional models.
Other contextual factors may be considered to improve the nutrient efficiency in coffee
production. These are the availability of shade and windbreak trees. The coefficients associated
with these variables are positive in all models. For example, the corresponding variable for shade
trees is statistically significant in three out of four models. This may explain that the availability of
shaded trees is positively associated with nutrient efficiency improvement. Both fractional models
also indicate statistical significance of the coefficient associated with windbreak trees. This may be
an effective option not only for enhancing nutrient efficiency but also irrigation water
improvement in coffee production, as indicated previously. In addition, the variable associated
with sustainable certification is positive and statistically significant in almost all models, except the
OLS model. This reveals statistical evidence that certification improves nutrient efficiency in coffee
production. However, the result of Li-tests (Table 6) indicates that the difference is only statistically
significant in the first crop year, 2012/13. This means that certification can also improve nutrient
efficiency in the first crop year of the data set but the positive effect of certified production
appears to be unclear in the last two crop years.
Besides the positive effects, several findings indicate difficulties in improving nutrient
efficiency in coffee production. For example, the coefficient associated with elevation is negative
and statistically significant in almost all models. This may explain that inefficient use or excessive
use of chemical fertilizers is statistically associated with altitude. In addition, the public extension
service seems to be useless. More efficient farms may have better knowledge and skills in terms of
using chemical fertilizers and they are not committed to attending trainings provided by local
extension agencies. It is a fact that almost all farmers in the region are familiar with coffee
cultivation as the average coffee farming experience of the farmers is over 19 years. Besides that,
the scale effect seems to be negative since the coefficient associated with coffee farm size is
negative and statistically significant in the fractional models. It is noted that the year dummy
variables are both negative and statistically significant (p<.01). This explains a trend that nutrient
efficiency had decreased over the years. It is possible that both conventional and certified coffee
farmers were getting less efficient in using chemical fertilizers. By incorporating the result of Litest, it is possible that certified coffee farms became less efficient, which did not distinguish them
from uncertified coffee farmers in terms of nutrient efficiency.

7.3

Eco-efficiency Analysis

As described in the literature, eco-efficiency includes both economic variables and a wide
range of environmental aspects or pressures. This is especially true for coffee cultivation, which
consumes a large amount of environmentally-detrimental inputs (i.e., irrigation water efficiency or
nutrient efficiency), which only focus on irrigation water and nutrient content inputs, respectively.
In addition to irrigation water and nitrogen and phosphorus content in chemical fertilizers, ecoefficiency also takes into account other environmental detriments such as land area and the use of
pesticides, herbicides, and fungicides. This benchmarking process allows the evaluation of the
relationship between value-added and weighted environmental pressures in coffee production.
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7.3.1

Eco-efficiency and sustainable certification in coffee production

Eco-efficiency in coffee production was calculated using the standard input-oriented DEA
framework in which value-added and environmental pressures were treated as the output and
inputs respectively. The model was used to separately estimate the eco-efficiency of 712, 726, and
723 farms in three crop years, 2012/13, 2013/14, and 2014/15, accordingly. As presented in Table 8,
the means of eco-efficiency levels are 49.71 percent, 47.21 percent, and 48.35 percent for the three
crop years. This implies that there is about 50 percent potential reduction in all environmental
pressures proportionally, without any reduction in the value-added of coffee production. As
mentioned above, environmental pressures in coffee production (i.e., nutrient content in chemical
fertilizers, irrigation water, other chemicals, and land) are all cost-involved. Both economic and
environmental benefits are explicitly included. Thus, improving eco-efficiency would help develop
coffee production in a sustainable manner.
Table 8. Descriptive statistics of eco-efficiency
Eco-efficiency
Certified production
Mean
Std.
Obs.
Conventional production
Mean
Std.
Obs.
Overall production
Mean
Std.
Obs.

2012

2013

2014

0.5425
0.2150
348

0.4951
0.2140
399

0.5013
0.1988
394

0.4537
0.1899
364

0.4440
0.1840
327

0.4621
0.1891
329

0.4971
0.2070
712

0.4721
0.2025
726

0.4835
0.1952
723

Figure 3 illustrates the estimated Kernel densities of eco-efficiency scores over the three
crop years of conventional and certified farms. Intuitively, the distribution of eco-efficiency is
relatively similar to that of the nutrient efficiency in Figure 2. Unlike the technical efficiency
measure, the eco-efficiency measure is a benchmarking procedure and may be different from
production technology. The result indicates that distribution of eco-efficiency does not converge
to its boundary, unity. The shapes of Kernel densities over three crop years are intuitively similar to
the normal distribution. It is also similar to the distribution of nutrient efficiency that could allow
using well-known tests and models to evaluate the difference between conventional and certified
production and factors influencing the variance of eco-efficiency in coffee production.
The t-test was used to evaluate sustainable certification in coffee production in terms of
eco-efficiency levels in the three crop years. Overall, eco-efficiency between conventional and
certified farms differed significantly (p<.01) for all crop years: 2012/13 (t= 5.69), 2013/14 (t= 3.39),
and 2014/15 (t=2.69). Although certified production was more efficient than conventional
production in terms of eco-efficiency, the powers of the tests tend to decline over time. This may
explain a trend of catching up between the two groups of farms in the eco-efficiency regard.
However, DEA eco-efficiency scores also have some issues (i.e., dependent relationship among
estimated scores) that may violate the assumption of the t-test.
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Figure 3. Kernel estimated densities of farm eco-efficiency scores
Similar to water efficiency and nutrient efficiency, the Simar-Zelenyuk Li-test for equality of
eco-efficiency distribution was performed (Table 9). Overall, there is statistical evidence showing
the difference between conventional and certified coffee production in terms of eco-efficiency
levels. This is especially true for the first two crop years, 2012/13 and 2013/14. The null hypotheses
of equal distribution of eco-efficiency between the two groups of farms were rejected (p<.01).
However, in the last crop year of the data set (2014/15), the Li- test statistic is statistically
insignificant. Over the time period, the power of the Li-test decreased.
This trend may explain several possibilities that might have happened in coffee production
in the region that warrants further investigation. The first possibility is that uncertified farms were
getting more efficient over time. It is similar to the nutrient efficiency context that there may have
been spillover effects as positive externalities when technology was transferred from certified
production to conventional production. Uncertified farm operators were catching up to their
certified counterparts in their communities. Second, certified farms became less efficient over the
time period. This might be due to unattractive economic incentives of being certified (i.e.,
insignificant price premiums, ineffective performance of certification providers). A third possibility
might be a combination of the two scenarios.
Table 9. Simar-Zelenyuk adapted Li-test for equality of eco-efficiency distribution
Null Hypothesis
f(Cert Eff2012) = f(Conv Eff2012)
f(Cert Eff2013) = f(Conv Eff2013)
f(Cert Eff2014) = f(Conv Eff2014)
7.3.2

Test statistic
4.5859
3.3257
0.3070

Bootstrap p-value
0.0000
0.0010
0.7000

Eco-efficiency variance analysis

Table 10 presents the results of the models evaluating contextual factors affecting ecoefficiency in coffee production. The OLS and tobit regression results are summarized in the first
two columns respectively and the last two columns are the results of fractional models, cloglog
and logit. Overall, the OLS and tobit models are statistically significant (p<.01) with a Wald chisquare values of 128.21 and 121.41, respectively. The fractional cloglog and logit forms were able
to obtain statistically feasible solutions. In general the results are relatively consistent across the
four models in terms of signs and significance level of estimated coefficients.
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Table 10. Factors affecting eco-efficiency

elev
famisize
expi
extensv
shadetree
windtree
irrtype
cert
cfsize
dens
year=2013
year=2014
constant

Model 1: OLS
0.00006**
(0.0000)
-0.00231
(0.0040)
0.00053
(0.0010)
-0.02824**
(0.0131)
-0.02249*
(0.0121)
0.06271***
(0.0156)
-0.08334***
(0.0134)
0.02371***
(0.0089)
-0.00330
(0.0032)
0.00004
(0.0001)
-0.02909***
(0.0050)
-0.02123***
(0.0061)
0.43828***
(0.0883)

Fractional Models
Model 2: Tobit
Model 3 : cloglog
0.00009***
0.00027***
(0.0000)
(0.0000)
-0.00107
-0.01527***
(0.0046)
(0.0039)
0.00043
0.00097
(0.0010)
(0.0010)
-0.03237**
-0.05806***
(0.0141)
(0.0156)
-0.01976
-0.05044***
(0.0129)
(0.0158)
0.06406***
0.18961***
(0.0167)
(0.0170)
-0.08913***
-0.25048***
(0.0146)
(0.0184)
0.03129***
0.07275***
(0.0104)
(0.0152)
-0.00306
-0.03207***
(0.0031)
(0.0012)
0.00002
0.00030***
(0.0000)
(0.0001)
-0.02961***
-0.10708***
(0.0058)
(0.0182)
-0.02477***
-0.06330***
(0.0061)
(0.0182)
0.43711***
-0.63582***
(0.0661)
(0.0852)

Model 4: logit
0.00077***
(0.0002)
-0.04731
(0.0486)
-0.0066
(0.0096)
-0.25985*
(0.1473)
-0.13562
(0.1171)
0.51998***
(0.1336)
-0.60773***
(0.1421)
0.28614***
(0.1058)
-0.07702***
(0.0208)
0.00111**
(0.0005)
-0.59173***
(0.2239)
-0.60900***
(0.2179)
-0.26726
(0.4921)

Table 10 also presents some important findings that may help improve both economic and
environmental benefits to the coffee farmer. For instance, the coefficient associated with elevation
is positive and statistically significant in all models (p<.05). This implies that coffee farms at higher
elevations tend to perform better than their counterparts at lower elevations. In addition, the
corresponding coefficient of windbreak trees is positive and statistically significant in all models
(p<.01). This means that the availability of these type of trees grown around the coffee plantation
is useful in term of improving eco-efficiency. This is a great option for the coffee farmers to
consider since windbreak trees, such as local woody plants and fruit trees (i.e., avocado and durian)
could also generate some extra benefit to the farmers. Irrigation type, appears to be negative and
statistically significant (p<.01) in all models. This finding implies that the conventional irrigation
system, flood irrigation, is less appropriate in helping coffee farmers enhance economic benefit as
well as environmental performance. Modern systems, such as drip and spray irrigation, are more
superior over the traditional system in terms of improving eco-efficiency in coffee production.
Moreover, the results also indicate that the coefficient corresponding to sustainability certification
is positive and statistically significant (p<.01) in all models. This reveals that participating in
certification schemes could help coffee farmers reduce environmental pressures while keeping the
value-added unchanged. This is a known positive effect of certification programs. In addition, the
coefficient associated with coffee tree density is positive in all models and statistically significant in
the fractional models. This reveals that a number of farms could possibly increase the density of
their coffee trees to enhance eco-efficiency.
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The results also provide some evidence that may explain the reduction in eco-efficiency
levels. The coefficients associated with the crop year dummies are both negative and statistically
significant (p<.01). This means that eco-efficiency declined over the three-year period. It is noted
that the effect of sustainability certification tends to be reduced in the recent crop year as
indicated by the Li-tests, which means that the difference in eco-efficiency between certified and
conventional production was getting smaller over time. In addition, the coefficient associated with
extension services is negative and statistically significant in all models. This again explains the
ineffectiveness of the extension service provided by local government agencies. The
corresponding coefficient of shaded trees is negative in all models and statistically significant in
the OLS and fractional cloglog models. This may indicate that coffee trees may have to share land
area and nutrients with the shaded trees. Other variables such as family size and coffee farm size
also seem to be negatively associated with the eco-efficiency in coffee production.

8.0 CONCLUSIONS AND POLICY OPTIONS
8.1

Conclusions

The coffee production sector of Vietnam has been facing a number of economic and
environmental issues. Previous studies show that the environmental problems in coffee
production can be categorized into two major challenges. First, depletion of water resources is due
to over-extraction for irrigating coffee farms. As noted, coffee trees consume a higher amount of
irrigation water and farmers have extracted a huge amount of water from the ground without
paying any user fees. This leads to over-extraction in some farms while other farms may face
difficulties in accessing the water resource. Second, overuse of chemical fertilizers may boost
coffee yield in the short-run, but this is considered as a major concern in coffee production. As
nitrogen and phosphorus in chemical fertilizers increasingly accumulate in the environment, this
process degrades soil and water resources. In the long-run, the land becomes less fertile and
degraded and the water resource gets polluted. This reduces agricultural production capacity,
which then negatively affects farmers’ livelihood as well as the global market.
In this study we aimed to measure the economic and environmental performance of
coffee production. First, the sub-vector DEA or directional distance DEA was used to estimate the
environmentally adjusted production efficiency. This is irrigation water efficiency in our empirical
context. Second, the materials balance principle based DEA was employed to estimate nutrient
efficiency. The nutrient efficiency model focuses on amount of nutrient content in chemical
fertilizers use in coffee production. Third, the standard DEA technique was used to estimate ecoefficiency. This benchmarking process is to evaluate the relationship between value-added and
weighted environmental pressures or environmentally detrimental inputs used in coffee
production. In the second stage DEA framework, we used various approaches including OLS, tobit,
and the fractional regression models with cloglog and logit functional forms, to examine the
relationship between the efficiency variance and relevant contextual or environmental variables.
In addition, the recent develop Li-test techniques was used to evaluate efficiency distribution
between certified farms group and conventional farms group. A farm level data set of about 800
coffee farmers in three crop years, 2012/13, 2013/14 and 2014/15 collected in the Central
Highlands of Vietnam was used.
The results reveal important findings that may help coffee farmers and the coffee sector to
perform better in both economic and environmental aspects and also indicates challenges in
improving economic and environmental efficiency. In terms of natural condition, higher elevation
tend to be favorable to obtain higher irrigation water efficiency and eco-efficiency, but nutrient

Economy and Environment Program for Southeast Asia

37

efficiency. The modern irrigation systems, i.e., spray and drip irrigation systems are better than the
tradition system, flood irrigation in terms of enhancing the three types of environmental efficiency.
In addition, availability of windbreak trees could also improve water, nutrient and eco-efficiency.
Some other finding is that shaded trees may be suitable with nutrient efficiency, but a negative
impact on eco-efficiency improvement. It is interesting that certification schemes are better off for
farmers. In the first crop year certified farms obtained higher environmental efficiency level,
whereas this difference changed over time and there is no difference between the two groups in
the last crop years. This drop is especially clear for irrigation water efficiency and nutrient
efficiency. That is, certified farms tended to be less environmentally efficient than themselves over
time.

8.2

Policy Options

With the objective of improving both economic and environmental performance in coffee
production, the study has quantified some significant findings and several policy options are
proposed. The quality of sustainability certification schemes is much more important than the
rapid expansion of these programs. The quality of certification schemes must be regulated since
environmental performance tends to decrease over the years. Significant incentives (i.e., price
premiums and commitment to the code of conduct of certified coffee production) should be taken
into account by the government. It is due to the fact that participating in certification schemes
could reduce irrigation water and other environmental pressures (i.e., nitrogen and phosphorus in
chemical fertilizers), which produce positive externality in terms of preserving soil and water
resources. However, this is not sufficiently compensated, leading to market failure. Thus, the
government should be involved in the process of maintaining the quality of certification schemes
and promoting such programs.
Policy implications regarding other important factors improving environmental efficiency
are worth for the coffee sector. It is noted that the public extension service is not useful, then
government agencies also should provide other assistance, i.e., credit loan rather than extension
service. Credit loan or public funds may be spent on particular purposes such as improving
irrigation systems, promoting spray and drip irrigation systems. Moreover, growing windbreak
trees should be promoted, as the availability of windbreak trees helped to increase eco-efficiency,
nutrient efficiency and water efficiency. Further investigation on what types of windbreak trees
that suit local settings should be undertaken in order to increase the benefit to the farmer. It is
noted that windbreak trees could also provide an extra economic benefit that this study was not
able to incorporate.

38 Measuring Environmental Sustainability of Coffee Production

REFERENCES
Adams, M.; and A.E. Ghaly. 2007. "Maximizing
Sustainability of the Costa Rican Coffee
Industry." Journal of Cleaner Production 15(17):
1716–1729.
Aigner, D.J.; C.A.K. Lovell; and P. Schmidt. 1977.
"Formulation and Estimation of Stochastic
Frontier Production Function Models." Journal
of Econometrics 6(1): 21–37.
Aldanondo-Ochoa, A.M.; V.L. Casasnovas-Oliva; and
A. Arandia-Miura. 2014. "Environmental
Efficiency and the Impact of Regulation in
Dryland Organic Vine Production." Land Use
Policy 36: 275–284.
Alene, A.D.; V.M. Manyong; and J. Gockowski. 2006.
"The Production Efficiency of Intercropping
Annual and Perennial Crops in Southern
Ethiopia: A Comparison of Distance Functions
and Production Frontiers." Agricultural Systems
91(1): 51–70.
Alvarez, A.; and C. Arias. 2004. "Technical Efficiency
and Farm Size: A Conditional Analysis."
Agricultural Economics 30(3): 241–250.
Aly, Y.H.; R. Grabowski; C. Pasurka; and N. Rangan.
1990. "Technical, Scale, and Allocative
Efficiencies in U.S. Banking: An Empirical
Investigation." The Review of Economics and
Statistics 72(2): 211–218.
Amarasinghe, U.A.; C.T. Hoanh; D. D’haeze; and T.Q.
Hung. 2015. "Toward Sustainable Coffee
Production in Vietnam: More Coffee with Less
Water." Agricultural Systems 136: 96–105.
Amirteimoori, A; S. Kordrostami; and A. Rezaitabar.
2006. "An Improvement to the Cost Efficiency
Interval: A DEA-based Approach." Applied
Mathematics and Computation 181 (1): 775–781.
Ara, S. 2002. "Environmental Evaluation of Organic
Rice: A Case Study in the Philippines." MS Thesis,
Kobe University, Japan.
Ayres, R.U. 1995. "Thermodynamics and Process
Analysis for Future Economic Scenarios."
Environmental and Resource Economics 6(3):
207–230.
Bacon, C. 2005. "Confronting the Coffee Crisis: Can
Fair Trade, Organic, and Specialty Coffees
Reduce Small-scale Farmer Vulnerability in
Northern Nicaragua?" World Development 33(3):
497–511.
Bădin, L.; C. Daraio; and L. Simar. 2012. "How to
Measure the Impact of Environmental Factors in
a Nonparametric Production Model." European
Journal of Operational Research 223(3): 818–833.

Using Data Envelopment Analysis." Operations
Research 56(1): 48–58.
Barham, B.L.; and J.G. Weber. 2012. "The Economic
Sustainability of Certified Coffee: Recent
Evidence from Mexico and Peru." World
Development 40(6): 1269–1279.
Barros, C.P., and A. Assaf. 2009. "Bootstrapped
Efficiency Measures of Oil Blocks in Angola."
Energy Policy 37(10): 4098–4103.
Barros, C.P.; and N. Peypoch. 2008. "Technical
Efficiency of Thermoelectric Power Plants."
Energy Economics 30(6): 3118–3127.
Basu, A.K.; and R.L. Hicks. 2008. "Label Performance
and the Willingness to Pay for Fair Trade Coffee:
A Cross-National Perspective." International
Journal of Consumer Studies 32(5): 470–478.
Battese, G.E.; and T. Coelli. 1995. "A Model for
Technical Inefficiency Effects in a Stochastic
Frontier Production Function for Panel Data."
Empirical Economics 20(2): 325–332.
Bell, S.; and S. Morse. 2008. Sustainability Indicators
Measuring the Immeasurable? (Second Ed.).
London: Earthscan.
Besstremyannaya, G. 2013. "The Impact of Japanese
Hospital Financing Reform on Hospital
Efficiency: A Difference-in-Difference
Approach." Japanese Economic Review 64(3):
337–362.
Binam, J.N.; K. Sylla; I, Diarra; and G. Nyambi. 2003.
"Factors Affecting Technical Efficiency among
Coffee Farmers in Cote d’Ivoire: Evidence from
the Centre West Region." African Development
Review 15(1): 66–76.
Bruno, I.P.; M.J. Unkovich; R.P. Bortolotto; O.O.S.
Bacchi; D. Dourado-Neto; and K. Reichardt.
2011. "Fertilizer Nitrogen in Fertigated Coffee
Crop: Absorption Changes in Plant
Compartments over Time." Field Crops Research
124(3): 369–377.
Callens, I.; and D. Tyteca. 1999. "Towards Indicators
of Sustainable Development for Firms."
Ecological Economics 28(1): 41–53.
Chambers, R.G.; R. Fare; E. Jaenicke; and E.
Lichtenberg. 1998. "Using Dominance in
Forming Bounds on DEA Models: The Case of
Experimental Agricultural Data." Journal of
Econometrics 85(1): 189–203.
Charnes, A.; W.W. Cooper; and E. Rhodes. 1978.
"Measuring the Efficiency of Decision Making
Units." European Journal of Operational Research
2(6): 429–444.

Banker, R.D.; and R. Natarajan. 2008. "Evaluating
Contextual Variables Affecting Productivity

Economy and Environment Program for Southeast Asia

39

Cheesman, J.; and J. Bennett. 2008. "Smallholding
Size, Irrigation Infrastructure, and the Efficiency
of Coffee Production in Viet Nam Revisited."
Forests, Trees and Livelihoods 18(4): 321–335.

Epure, M.; K. Kerstens; and D. Prior. 2011. "Bank
Productivity and Performance Groups: A
Decomposition Approach based upon the
Luenberger Productivity Indicator." European
Journal of Operational Research 211(3): 630–641.

Chen, Z.; W.E. Huffman; and S. Rozelle. 2009. "Farm
Technology and Technical Efficiency: Evidence
from Four Regions in China." China Economic
Review 20(2): 153–161.

FAO (Food and Agriculture Organization).
2014. FAOSTAT Statistics Database. Rome, Italy:
FAO.

Coelli, T. 1998. "A Multi-Stage Methodology for the
Solution of Orientated DEA Models." Operations
Research Letters 23(3–5): 143–149.

Faere, R.; and S. Grosskopf. 2000. "Theory and
Application of Directional Distance Functions."
Journal of Productivity Analysis 13(2): 93–103.

Coelli, T.; and E. Fleming. 2004. "Diversification
Economies and Specialisation Efficiencies in a
Mixed Food and Coffee Smallholder Farming
System in Papua New Guinea." Agricultural
Economics 31(2–3): 229–239.

Fäere, R.; S. Grosskopf; C.A.K. Lovell; and C. Pasurka.
1989. "Multilateral Productivity Comparisons
When Some Outputs are Undesirable: A
Nonparametric Approach." The Review of
Economics and Statistics 71(1): 90–98.

Coelli, T.; L. Lauwers; and G. Huylenbroeck. 2007.
"Environmental Efficiency Measurement and
the Materials Balance Condition." Journal of
Productivity Analysis 28(1–2): 3–12.

Farrell, M.J. 1957. "The Measurement of Productive
Efficiency." Journal of the Royal Statistical Society
120(3): 253–290.

D’haeze, D.; J. Deckers; D. Raes; T.A. Phong; and H.V.
Loi. 2005. "Environmental and Socio-Economic
Impacts of Institutional Reforms on the
Agricultural Sector of Vietnam: Land Suitability
Assessment for Robusta Coffee in the Dak Gan
Region." Agriculture, Ecosystems and
Environment 105(1-2): 59–76.
D’haeze, D.; J. Deckers; D. Raes; A.P. Tran; and D.M.C.
Nguyen. 2003. "Over-irrigation of Coffea
canephora in the Central Highlands of Vietnam:
Revisited Simulation of Soil Moisture Dynamics
in Rhodic Ferralsols." Agricultural Water
Management 63(3): 185–202.
Dang, T.H.; and G. Shively. 2005. "Coffee vs. Cacao: A
Case Study from the Vietnamese Central
Highlands." Journal of Natural Resources and Life
Sciences Education 34: 107–111.
De Koeijer, T.J.; G.A.A. Wossink; P.C. Struik; and J.A.
Renkema. 2002. "Measuring Agricultural
Sustainability in Terms of Efficiency: The Case of
Dutch Sugar Beet Growers." Journal of
Environmental Management 66(1): 9–17.
Demchuk, P.; and V. Zelenyuk. 2009. "Testing
Differences in Efficiency of Regions within a
Country: The Case of Ukraine." Journal of
Productivity Analysis 32(2): 81–102.
Dries, M.; N. Huong; and M. Ward. 2015. "Vietnam
Coffee Annual May 2015." Accessed on October
1, 2017.
http://gain.fas.usda.gov/Recent%20GAIN%20Pu
blications/Coffee%20
Annual_Hanoi_Vietnam_5-20-2015.pdf
Dzung, N.A.; V.T.P Khanh; and T.T. Dzung. 2011.
"Research on Impact of Chitosan Oligomers on
Biophysical Characteristics, Growth,
Development and Drought Resistance of
Coffee." Carbohydrate Polymers 84(2): 751–755.

40 Measuring Environmental Sustainability of Coffee Production

Figge, F.; and T. Hahn. 2004. "Sustainable Value
Added-Measuring Corporate Contributions to
Sustainability Beyond Eco-efficiency." Ecological
Economics 48(2): 173–187.
FLO (Fairtrade Labelling Organizations
International). 2015. "Aims of Fairtrade
Standards." Accessed October 1, 2017.
http://www.fairtrade.net/aims-of-fairtradestandards.html
Fraser, I.; and D. Cordina. 1999. "An Application of
Data Envelopment Analysis to Irrigated Dairy
Farms in Northern Victoria, Australia."
Agricultural Systems 59(3): 267–282.
Fridell, G. 2014. "Fair Trade Slippages and Vietnam
Gaps: The Ideological Fantasies of Fair Trade
Coffee." Third World Quarterly 35(7): 1179–1194.
Frija, A.; A. Chebil; S. Speelman; J. Buysse; and G. Van
Huylenbroeck. 2009. "Water Use And Technical
Efficiencies in Horticultural Greenhouses in
Tunisia." Agricultural Water Management 96(11):
1509–1516.
Garcia, A.F.; and G.E. Shively. 2011. "How Might
Shadow Price Restrictions Reduce Technical
Efficiency?: Evidence from a Restricted DEA
Analysis of Coffee Farms in Vietnam." Journal of
Agricultural Economics 62(1): 47–58.
Giovannucci, D.; and S. Ponte. 2005. "Standards as a
New Form of Social Contract? Sustainability
Initiatives in the Coffee Industry." Food Policy
30(3): 284–301.
Glavič, P.; and R. Lukman. 2007. "Review of
Sustainability Terms and their Definitions."
Journal of Cleaner Production 15(18): 1875–1885.
Gómez-Limón, J.A.; A.J. Picazo-Tadeo; and E. ReigMartínez. 2012. "Eco-efficiency Assessment of
Olive Farms in Andalusia." Land Use Policy 29(2):
395–406.

Hansen, J.W. 1996. "Is Agricultural Sustainability a
Useful Concept?" Agricultural Systems 50 (95):
117–143.
Hasnah; E. Fleming; and T. Coelli. 2004. "Assessing
the Performance of a Nucleus Estate and
Smallholder Scheme for Oil Palm Production in
West Sumatra: A Stochastic Frontier Analysis."
Agricultural Systems 79(1): 17–30.
Henderson, D.J.; and V. Zelenyuk. 2007. "Testing for
(Efficiency) Catching-up." Southern Economic
Journal 73(4): 1003–1019.
Ho, T.Q.; J.F. Yanagida; and P. Illukpitiya. 2014.
"Factors Affecting Technical Efficiency of Smallholder Coffee Farming in the Krong Ana
Watershed, Vietnam." Asian Journal of
Agricultural Extension, Economics and Sociology
3(1): 37–49.
Hoang, V.N. 2014. "A Frontier Functions Approach to
Optimal Scales of Sustainable Production."
Environment and Development Economics 19(2):
1–19.
Hoang, V.N.; and T.T. Nguyen. 2013. "Analysis of
Environmental Efficiency Variations: A Nutrient
Balance Approach." Ecological Economics 86:
37–46.
Hoang, V.N.; and D.S.P. Rao. 2010. "Measuring and
Decomposing Sustainable Efficiency in
Agricultural Production: A Cumulative Exergy
Balance Approach." Ecological Economics 69(9):
1765–1776.
Hoff, A. 2007. "Second Stage DEA: Comparison of
Approaches for Modelling the DEA Score."
European Journal of Operational Research 181(1):
425–435.
Houshyar, E.; H. Azadi; M. Almassi; M.J. Sheikh
Davoodi; and F. Witlox. 2012. "Sustainable and
Efficient Energy Consumption of Corn
Production in Southwest Iran: Combination of
Multi-Fuzzy and DEA modeling." Energy 44(1):
672–681.
Huang, C.J.; and J.T. Liu. 1994. "Estimation of a NonNeutral Stochastic Frontier Production
Function." Journal of Productivity Analysis 5(2):
171–180.
IDH (Sustainable Trade Initiative). 2014. Sustainable
Coffee Program in Vietnam. Hanoi, Vietnam: SNV
and IPSARD.
Illukpitiya, P.; and J.F. Yanagida. 2010. "Farming vs
Forests: Trade-off between Agriculture and the
Extraction of Non-timber Forest Products."
Ecological Economics 69(10): 1952–1963.
Jena, P.R.; B.B. Chichaibelu; T. Stellmacher; and U.
Grote. 2012. "The Impact of Coffee Certification
on Small-Scale Producers’ Livelihoods: A Case
Study from the Jimma Zone, Ethiopia."
Agricultural Economics 43(4): 429–440.

Johnson, A.L.; and T. Kuosmanen. 2012. "One-stage
and Two-stage DEA Estimation of the Effects of
Contextual Variables." European Journal of
Operational Research 220(2): 559–570.
Kenjegalieva, K.; R. Simper; T. Weyman-Jones; and V.
Zelenyuk. 2009. "Comparative Analysis of
Banking Production Frameworks in Eastern
European Financial Markets." European Journal
of Operational Research 198(1): 326–340.
Kilian, B.; C. Jones; and L. Pratt. 2006. "Is Sustainable
Agriculture a Viable Strategy to Improve Farm
Income in Central America ? A Case Study on
Coffee." Journal of Business Research 59(3): 322–
330.
Kortelainen, M. 2008. "Dynamic Environmental
Performance Analysis: A Malmquist Index
Approach." Ecological Economics 64(4): 701–715.
Kuit, M.; F.C. van Rijn; T.M.T Vu; and V.A. Pham. 2013.
The Sustainable Coffee Conundrum: A Study into
the Effects, Cost and Benefits of Implementation
Modalities of Sustainable Coffee Production in
Vietnam. The Netherlands: Wageningen
University.
Kumbhakar, S.C.; S. Ghosh; and J.T. McGuckin. 1991.
"A Generalized Production Frontier Approach
for Estimating Determinants of Inefficiency in
US Dairy Farms." Journal of Business and
Economic Statistics 9(3): 279–286.
Kuosmanen, T.; and M. Kortelainen. 2005.
"Measuring Eco-Efficiency of Production with
Data Envelopment Analysis." Journal of
Industrial Ecology 9(4): 59–72.
Lansink, A.O.; and E. Silva. 2003. "CO 2 and Energy
Efficiency of Different Heating Technologies in
the Dutch Glasshouse Industry." Environmental
and Resource Economics 24(4): 395–407.
Lansink, A.O.; and E. Silva. 2004. "Non-Parametric
Production Analysis of Pesticides Use in The
Netherlands." Journal of Productivity Analysis
21(1): 49–65.
Lansink, A.O.; K. Pietola, and S. Backman. 2002.
"Efficiency and Productivity of Conventional
and Organic Farms in Finland 1994–1997."
European Review of Agricultural Economics 29(1):
51–65.
Lauwers, L. 2009. "Justifying the Incorporation of the
Materials Balance Principle into Frontier-Based
Eco-Efficiency Models." Ecological Economics
68(6): 1605–1614.
Lee, B.L.; and A.C. Worthington. 2014. "Technical
Efficiency of Mainstream Airlines and Low-Cost
Carriers: New Evidence Using Bootstrap Data
Envelopment Analysis Truncated Regression."
Journal of Air Transport Management 38: 15–20.

Economy and Environment Program for Southeast Asia

41

Lilienfeld, A.; and M. Asmild. 2007. "Estimation of
Excess Water Use in Irrigated Agriculture: A
Data Envelopment Analysis Approach."
Agricultural Water Management 94(1–3): 73–82.

Picazo-Tadeo, A.J.; M. Beltrán-Esteve; and J.A.
Gómez-Limón. 2012. "Assessing Eco-Efficiency
with Directional Distance Functions." European
Journal of Operational Research 220(3): 798–809.

Liu, J.S.; L.Y.Y. Lu; and W.M. Lu. 2016. "Research
Fronts in Data Envelopment Analysis." Omega
58: 33–45.

Picazo-Tadeo, A.J.; J.A. Gómez-Limón; and E. ReigMartínez. 2011. "Assessing Farming EcoEfficiency: A Data Envelopment Analysis
Approach." Journal of Environmental
Management 92(4): 1154–64.

Loureiro, M.L.; and J. Lotade. 2005. "Do Fair Trade
and Eco-labels in Coffee Wake up the Consumer
Conscience?" Ecological Economics 53(1): 129–
138.
Luong, Q.V.; and L.W. Tauer. 2006. "A Real Options
Analysis of Coffee Planting in Vietnam."
Agricultural Economics 35(1): 49–57.
McDonald, J. 2009. "Using Least Squares and Tobit in
Second Stage DEA Efficiency Analyses."
European Journal of Operational Research 197(2):
792–798.
Méndez, V.E.; C.M. Bacon; M. Olson; S. Petchers; D.
Herrador; C. Carranza; L. Trujillo; C. GuadarramaZugasti; A. Cordon; and A. Mendoza. 2010.
"Effects of Fair Trade and Organic Certifications
on Small-Scale Coffee Farmer Households in
Central America and Mexico." Renewable
Agriculture and Food Systems 25(3): 236–251.
Meyfroidt, P.; T.P. Vu; and V.A. Hoang. 2013.
"Trajectories of Deforestation, Coffee Expansion
and Displacement of Shifting Cultivation in the
Central Highlands of Vietnam." Global
Environmental Change 23(5): 1187–1198.
Mosheim, R. 2002. "Organizational Type and
Efficiency in the Costa Rican Coffee Processing
Sector." Journal of Comparative Economics 30(2):
296–316.

Pitt, M.M.; and L.F. Lee. 1981. "The Measurement and
Sources of Technical Inefficiency in the
Indonesian Weaving Industry." Journal of
Development Economics 9(1): 43–64.
Pittman, R. 1983. "Multilateral Productivity
Comparisons with Undesirable Outputs." The
Economic Journal 93(372): 883–891.
Pretty, J.; J.I. Morison; and R. Hine. 2003. "Reducing
Food Poverty by Increasing Agricultural
Sustainability in Developing Countries."
Agriculture, Ecosystems and Environment 95(1):
217–234.
Ramalho, E.A.; J.J.S. Ramalho; and L.M.S. Coelho.
2015. "Exponential Regression of Panel Data
Fractional Response Models with an Application
to Firm Capital Structure." Accessed October 1,
2017.
http://citeseerx.ist.psu.edu/viewdoc/download?
doi=10.1. 1.705.9094&rep=rep1&type=pdf
Ramalho, E.A.; J.J.S. Ramalho; and P.D. Henriques.
2010. "Fractional Regression Models for Second
Stage DEA Efficiency Analyses." Journal of
Productivity Analysis 34(3): 239–255.
Ray, S.C. 1991. "Resource-Use Efficiency in Public
Schools: A Study of Connecticut Data."
Management Science 37(12): 1620–1628.

Munksgaard, J.; L.B. Christoffersen; H. Keiding; O.G.
Pedersen; and T.S. Jensen. 2007. "An
Environmental Performance Index for Products
Reflecting Damage Costs." Ecological Economics
64(1): 119–130.

Reifschneider, D.; and R. Stevenson. 1991.
"Systematic Departures from the Frontier: A
Framework for the Analysis of Firm Inefficiency."
International Economic Review 32(3): 715–723.

Mutoko, M.C.; L. Hein; and C.A. Shisanya. 2014. "Farm
Diversity, Resource Use Efficiency and
Sustainable Land Management in the Western
Highlands of Kenya." Journal of Rural Studies 36:
108–120.

Reinhard, S.; C.A.K. Lovell; and G. Thijssen. 1999.
"Econometric Estimation of Technical and
Environmental Efficiency: An Application to
Dutch Dairy Farms." American Journal of
Agricultural Economics 81(1): 44–60.

Nchare, A. 2007. "Analysis of Factors Affecting the
Technical Efficiency of Arabica Coffee Producers
in Cameroon." African Economic Research
Consortium 163: 1–38.

Reinhard, S.; C.A.K. Lovell; and G. Thijssen. 2000.
"Environmental Efficiency with Multiple
Environmentally Detrimental Variables:
Estimated with SFA and DEA." European Journal
of Operational Research 121(2): 287–303.

Ofori-Bah, A.; and J. Asafu-Adjaye. 2011. "Scope
Economies and Technical Efficiency of Cocoa
Agroforesty Systems in Ghana." Ecological
Economics 70(8): 1508–1518.
Papke, L.E.; and J.M. Wooldridge. 1996. "Econometric
Methods for Fractional Response Variables with
an Application to 401(K) Plan Participation
Rates." Journal of Applied Econometrics 11(6):
619–632.

42 Measuring Environmental Sustainability of Coffee Production

Reinhard, S.; and G. Thijssen. 2000. "Nitrogen
Efficiency of Dutch Dairy Farms : A Shadow Cost
System Approach." European Review of
Agricultural Economics 27(2): 167–186.
Renard, M.C. 2005. "Quality Certification, Regulation
and Power in Fair Trade." Journal of Rural Studies
21(4): 419–431.

Rice, P.D.; and J. McLean. 1999. Sustainable Coffee at
the Crossroads: A Report to the Consumer’s Choice
Council. Washington, D.C., USA: Consumer's
Choice Council.
Rios, A.R.; and G.E. Shively. 2006. "Farm Size,
Irrigation Infrastructure, and the Efficiency of
Coffee Production." Forests, Trees and
Livelihoods 16(4): 397–412.
Simar, L.; and P.W. Wilson. 2007. "Estimation and
Inference in Two-Stage, Semi-Parametric
Models of Production Processes." Journal of
Econometrics 136(1): 31–64.
Simar, L.; and P.W. Wilson. 2011. "Two-stage DEA:
Caveat Emptor." Journal of Productivity Analysis
36(2): 205–218.
Simar, L.; and V. Zelenyuk. 2006. "On Testing Equality
of Distributions of Technical Efficiency Scores."
Econometric Reviews 25(4): 497–522.
Smith, V.H.; S.B. Joye; and R.W. Howarth. 2006.
"Eutrophication of Freshwater and Marine
Ecosystems." Limnology and Oceanography 51(1
part2): 351–355.
Speelman, S.; M. D’Haese; J. Buysse; and L. D’Haese.
2008. "A Measure for the Efficiency Of Water
Use and Its Determinants: A Case Study of
Small-Scale Irrigation Schemes in North-West
Province, South Africa." Agricultural Systems
98(1): 31–39.
Stanton, K.R. 2002. "Trends in Relationship Lending
and Factors Affecting Relationship ending
Efficiency." Journal of Banking and Finance 26(1):
127–152.
TechnoServe. 2013. Vietnam: A Business Case for
Sustainable Coffee Production. Washington, D.C.
and Utrecht, The Netherlands: Technoserve and
The Sustainable Trade Initiative.
Thiam, A.; B.E. Bravo-Ureta; and T.E. Rivas. 2001.
"Technical Efficiency in Developing Country
Agriculture: A Meta-analysis." Agricultural
Economics 25 (2–3): 235–243.
Torgersen, A.M.; F.R. Forsund; and S.A.C. Kittelsen.
1996. "Slack-adjusted Efficiency Measures and
Ranking of Efficient Units." Journal of
Productivity Analysis 7(4): 379–398.
Tsolas, I.E. 2011. "Performance Assessment of Mining
Operations Using Nonparametric Production
Analysis: A Bootstrapping Approach in DEA."
Resources Policy 36(2): 159–167.
UTZ. 2015. Utz certified Group Core Code of
Conduct (2014). Utz certified. Accessed October
1, 2017. https://www.utz.org/wpcontent/uploads/2015/12/EN_UTZ_Core-CodeGroup_v1.1_2015.pdf
UTZ. 2014. Utz Certified Impact Report. Accessed
October 1, 2017. https://utzcertified.org/
attachments/article/26582894/utz-impact-

report-web-1.pdf
Valkila, J. 2009. "Fair Trade Organic Coffee
Production in Nicaragua — Sustainable
Development or a Poverty Trap?" Ecological
Economics 68(12): 3018–3025.
Varghese, S.K.; P.C. Veettil; S. Speelman; J. Buysse;
and G. Van Huylenbroeck. 2013. "Estimating the
Causal Effect of Water Scarcity on the
Groundwater Use Efficiency of Rice Farming in
South India." Ecological Economics 86: 55–64.
Vedenov, D.; J. Houston; and G. Cardenas. 2007.
"Production Efficiency and Diversification in
Mexican Coffee-Producing Districts." Journal of
Agricultural and Applied Economics 39(3): 749–
763.
Vo, H.S.; T. Coelli; and E. Fleming. 1993. "Analysis of
the Technical Efficiency of State Rubber Farms
in Vietnam." Agricultural Economics 9(3): 183–
201.
Wang, X. 2010. "Irrigation Water Use Efficiency of
Farmers and Its Determinants: Evidence from a
Survey in Northwestern China." Agricultural
Sciences in China 9(9): 1326–1337.
Wilson, C.; and C. Tisdell. 2001. "Why Farmers
Continue to Use Pesticides Despite
Environmental, Health and Sustainability Costs."
Ecological Economics 39(3): 449–462.
Wollni, M.; and B. Brümmer. 2012. "Productive
Efficiency of Specialty and Conventional Coffee
Farmers in Costa Rica: Accounting for
Technological Heterogeneity and SelfSelection." Food Policy 37(1): 67–76.
Wollni, M.; and M. Zeller. 2007. "Do Farmers Benefit
from Participating in Specialty Markets and
Cooperatives ? The Case of Coffee Marketing in
Costa Rica?" Agricultural Economics 37 (2–3):
243–248.
Wossink, A.; and Z.S. Denaux. 2006. "Environmental
and Cost Efficiency of Pesticide Use in
Transgenic and Conventional Cotton
Production." Agricultural Systems 90(1–3): 312–
328.
Wu, J.; and T. Wu. 2012. "Sustainability Indicators
and Indices: An Overview." In Handbook of
Sustainable Management, 65–86. London:
Imperial College Press.
Yu-Ying Lin, E.; P.Y. Chen; and C.C. Chen. 2013.
"Measuring the Environmental Efficiency of
Countries: A Directional Distance Function
Metafrontier Approach." Journal of
Environmental Management 119: 134–42.
Zhang, B.; J. Bi; Z. Fan; Z. Yuan; and J. Ge. 2008. "EcoEfficiency Analysis of Industrial System in China:
A Data Envelopment Analysis Approach."
Ecological Economics 68(1–2): 306–316.

Economy and Environment Program for Southeast Asia

43

