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Chapter 1 

Introduction, objectives and outline 

 

1.1. Introduction 

Farmers increasingly have to address a broader range of issues when making decisions. Due 

to the intensification of agricultural production, farms not only have to remain competitive 

under often difficult market conditions, they also have to consider environmental impacts of 

their production activities (Greer et al., 1995; Walker, 2002). Societal concerns about 

negative environmental effects of farm activities have led to a sharp increase of environmental 

regulations (Rugman and Verbeke, 1998; Canon-De-Francia et al., 2007). Maintaining 

competitiveness while respecting environmental regulations is one of the major challenges for 

farms. 

 

For farmers, economic-environmental decision making is not straightforward: improvement 

options have to be selected, given the specificities of the farm, available technology and 

resources, prevailing market conditions and policy. Decision support systems (DSSs) may 

help farmers with their decision making by offering information access, model analysis and 

supporting tools (Hung et al., 2007). Although multiple agricultural DSSs have been 

developed, only a few of them have actually been implemented in practice (Walker, 2002; 

Mackrell et al., 2009). Critical success factors for a successful development and 

implementation of DSSs include credibility, perceived usefulness, accessibility, flexibility, 

maintenance and adaptability and the selection of intended users (McCown, 2002a; McCown, 

2002b; Walker, 2002). DSSs for economic-environmental decision making also have to 

comply with these success factors. 

 

Traditionally, improving economic performance and reducing environmental pressure are 

seen as conflicting goals. This means that it is traditionally accepted that efforts to improve 

environmental performance inevitably result in lower profits (Telle, 2006), implying a 

negative economic-environmental trade-off. Nevertheless, a relatively new school of 

economic theory provides arguments that under certain conditions economic and 
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environmental performances can improve simultaneously, implying a positive trade-off. 

Porter and van der Linde (1995) argue that improved environmental performance is a 

potential source for competitive advantage as it can lead to more efficient processes, 

improvements in productivity, lower costs of compliance and new market opportunities. 

Intuitively, multiple examples can be provided to confirm this economic-environmental win-

win hypothesis. A better feed conversion in pig finishing, for example, may have beneficial 

effects on both economic performance and nutrient emission of pig farms. More general, 

economic-environmental win-win situations may be obtained by using less inputs to produce 

the same amount of output (or producing more output with the same amount of inputs).  

 

A large number of empirical studies deal with the relationship between economic and 

environmental performance. Based on a meta-analysis, Orlitzky et al. (2003) conclude that 

there is still significant variation across individual studies, ranging from (few) negative to 

insignificant to moderately or even strongly positive links identified. The main reason put 

forward in literature for this inconclusiveness is the lack of knowledge about the underlying 

mechanisms that determine the relationship and causality between economic and 

environmental performance (King and Lenox, 2001; Sarkis and Cordeiro, 2001; Schaltegger 

and Synnestvedt, 2002; Wagner, 2005; Boons and Wagner, 2009; Lopez-Gamero et al., 

2009). Other reasons include that the relationship is firm-specific (Christmann, 2000; King 

and Lenox, 2001; Schaltegger and Synnestvedt, 2002; Elsayed and Paton, 2005) and depends 

on the improvement option or management activity that is applied (King and Lenox, 2001; 

Sarkis and Cordeiro, 2001; Schaltegger and Synnestvedt, 2002; Wagner and Schaltegger, 

2004). Lack of explicit knowledge on the farm-specific economic-environmental relationship 

makes it even more difficult to take the right decisions and to develop a DSS that complies 

with the critical success factors of such systems. 

 

In order to improve decision support, more information is needed about the farm-specific link 

between economic and environmental performances. In practice, performances of farms are 

traditionally measured using key performance indicators (KPIs). Popular KPIs for economic 

performance are gross margin and labour income (expressed per hectare or per unit of 

produced output), while nutrient balances and pesticides use are examples of environmental 

KPIs. The question is whether KPIs as such sufficiently allow for identifying the farm-

specific economic-environmental relationship. 
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In management science literature, also production-theory-based frontier analysis is used for 

measuring performances (see Coelli et al. (2005) for an introduction to frontier analysis). 

Technical, economic and/or environmental performances are measured through positioning 

farms against a best practice frontier, which is assessed using production-theoretical 

principles. Production theory considers the relationship between inputs and outputs of a 

production process, being the production function. The production function is linked to 

economic performance, as has been elaborated on in multiple standard economic textbooks 

(e.g. Varian, 2006). Intuitively, one can provide examples where environmental performance 

is also linked to the transformation of inputs into outputs. Nutrient emission in livestock 

production, for example, depends on the difference between the amount of nutrients entering 

through inputs (e.g. feed) and the amount leaving through marketable output (e.g. meat). By 

linking the production function to both economic and environmental performances, more 

information may become available about the relationship between both performances and the 

mechanisms that determine this relationship. Nevertheless, even if more information becomes 

available, special attention will need to be paid to the communication of this additional 

information to farmers for decision support purposes, as farmers are expected not to be 

familiar with production theory. 

 

Using the mostly nonlinear production function for performance measurement also allows for 

performance optimization. Multiple standard economic textbooks (e.g. Varian, 2006) 

elaborate on technical and economic optimizations along the production function. By linking 

the production function to environmental performance, it may also be possible to optimize 

environmental performance. As a result, both benchmarks and improvement paths for 

economic and environmental performances can be revealed. Discrete KPIs do not allow for 

these optimizations and may therefore be more limited for decision support purposes. The 

location of optimal points on the production function depends on the functional form, which 

mostly has to be assumed by the researcher. Conventional frontier methods, like Stochastic 

Frontier Analysis (SFA) and Data Envelopment Analysis (DEA), also use different functional 

forms. The question is to what extent the assumption about the functional form influences the 

assessed benchmarks and improvement paths. 
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1.2. Research objective and research questions 

The objective of this thesis is to explore whether production-theory-based methods can 

improve farm-specific decision support on improving economic performance and 

reducing environmental pressure. Better decision support implies obtaining a clear 

diagnosis of actual farm-specific economic and environmental performances, benchmarks 

and improvement paths for both performances, the farm-specific link between both 

performances and the underlying mechanisms that determine these performances. Once these 

mechanisms are known, simulation must allow for analyzing farm-specific economic-

environmental effects of adopting improvement options. As farm specificity is a keyword in 

this objective, the actual use of the obtained insights on the farm should be stimulated. In 

order to facilitate actual decision support to farms, the practical aim is to integrate diagnosis 

and simulation into a decision support system that complies with the critical success factors 

of such systems.   

 

Based on this objective, five major research questions are put forward: 

 

Research question 1: does production theory contribute to improved theoretical insights on the 

farm-specific linkage between economic performance and environmental pressure and the 

underlying mechanisms that determine this linkage? 

 

Research question 2: can production-theory-based frontier analysis be applied to obtain an 

improved diagnosis of economic and environmental performances, benchmarks, improvement 

paths and underlying mechanisms, and at the same time provide information that can easily be 

communicated to farmers? 

 

Research question 3: are the assessed performances, benchmarks and improvement paths 

influenced by the conventional frontier method (SFA or DEA) that is used? 

 

Research question 4: does the application of production-theory-based methods allows for an 

improved simulation of farm-specific effects of improvement options and management 

choices that aim at improving economic and/or environmental performances? 
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Research question 5: can production-theory-based frontier analysis be incorporated in DSSs 

aiming at farm-specific economic-environmental decision support and complying with the 

critical success factors of such systems? 

 

1.3. Research outline 

To fulfill the research objective and to answer the research questions, we distinguish between 

five chapters. They are bundled in a theoretical and empirical research part. Each chapter 

consists of a published or submitted paper. The papers are entirely included, so they can be 

read separately as they are published or submitted. The chapter titles may differ from the 

paper titles, as the contribution of each paper to the entire thesis may not always be clear from 

the paper title. Figure 1.1 shows the different titles of chapters and papers and illustrates how 

the chapters are bundled in the theoretical and empirical research part.  

 

Chapter 2 consists of the theoretical research part. In order to explore whether economic-

environmental trade-off analysis at farm level can benefit from production-theoretical 

insights, a production-theory-based framework is constructed that connects economic 

performance and environmental pressure via the production function. Based on a literature 

review, points of attention are put forward that have to be taken into account when analyzing 

economic-environmental trade-offs. The established framework must clearly show how these 

points of attention play out. The findings of chapter 2 provide an answer to research question 

1 and confirm that production theory contributes to improved theoretical insights on 

economic-environmental trade-offs. 

 

The other chapters constitute the empirical research. Production-theory-based frontier analysis 

is used to make operational the improved insights derived from the established theoretical 

framework and to answer the remaining research questions. The empirical research uses 

Flemish pig production as a case. This case is taken because pig production is an important 

agricultural activity and in some regions, such as Flanders, a major driving force for regional 

development. However, to an increasing extent, international competition leads to a 

downward tendency of the prices of the final products. In the meantime, the increased 

environmental concerns (in particular nutrient problems) and the competition for space (prices 

of raw materials) entail an extensive cost factor. Therefore, the challenge is to safeguard the 
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economic importance, to keep the sector competitive, even under the sharpened limiting 

conditions of environmentally sound and animal friendly production.  

 

Chapters 3 and 4 consider the diagnosis of economic and environmental performances of 

farms and underlying mechanisms that determine these performances. Chapter 3 explores the 

separate and combined use of traditional KPIs and production-theory-based frontier analysis 

to identify benchmarks for economic performance, environmental performance and their 

underlying drivers. These benchmarks must enable diagnosis of economic-environmental 

improvement paths that are easy to communicate to farmers. The frontier method that is used 

is an environmentally adjusted DEA. Results from chapter 3 provide evidence for answering 

research question 2 on the use of production-theory-based frontier analysis for an improved 

diagnosis of economic-environmental trade-offs. 

 

Chapter 4 evaluates the ability of conventional parametric (SFA) and nonparametric (DEA) 

frontier methods for analyzing positive and negative economic-environmental trade-offs and 

enabling decision support. SFA and DEA use different functional forms for the production 

function. A mechanistic frontier approach is used as a reference for evaluating the 

conventional frontier methods. Results from this chapter 4 provide an answer to research 

question 3 on the comparison between SFA and DEA for assessing economic-environmental 

trade-offs. 

 

Chapter 5 focuses on the simulation of the effects of management decisions on economic 

performance and environmental pressure at farm level. The use of partial budgeting and 

frontier analysis for simulating these effects is compared. Special attention is paid to 

upgrading available information on management options, which is often partial and generic, 

to relevant decision support information. This chapter is worked out for the case of strategic 

deworming in pig finishing and provides evidence for answering research question 4 on the 

applicability of production-theory-based methods for evaluating management choices.  

 

Chapter 6 integrates the diagnosis and simulation in a DSS that is in practice workable to 

support farm-specific decisions on improving economic performance and reducing 

environmental pressure. Special attention is paid to the compatibility between the advantages 

of frontier methods and critical factors of success of decision support tools. Findings of 
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chapter 6 must give evidence for a successful incorporation of production-theory-based 

frontier analysis in DSSs (research question 5). 

 

General conclusions and discussion are given in chapter 7. Improved insights on economic-

environmental trade-offs are put forward and implications for decision support, farmers and 

policy are discussed. Finally, some recommendations for further research are given. 

 

Since the separate chapters consist of entire papers, the reader will find some repetitions and 

overlaps. Nevertheless, the papers are generally structured in such a way that the reader can 

easily skip these overlapping parts. 



 

10 

 

THEORETICAL  EMPIRICAL 

 

 

 

Chapter 2 

Contribution of 

production theory to 

economic-environmental 

trade-off analysis 

↓ 

Paper title: „production 

theory and trade-offs 

between economic 

performance and 

environmental pressure at 

firm level‟ 

Chapter 3 

 Frontier-analysis-based communicative diagnosis of economic-environmental trade-offs 

on pig-finishing farms  

↓ 

Paper title: „communicative diagnosis of cost-saving options for reducing nitrogen emission 

from pig finishing‟ DIAGNOSIS 

Chapter 4 

Comparing frontier methods for economic-environmental trade-off analysis 

↓ 

Paper title: „comparing frontier methods for economic-environmental trade-off analysis‟ 

Chapter 5 

Evaluation of economic and environmental effects of management interventions with 

production-theory-based methods: the case of strategic deworming in pig finishing 

↓ 

Paper title: „from research to farm: ex ante evaluation of strategic deworming in pig finishing‟ 

SIMULATION 

Chapter 6 

Frontier-analysis-based decision support system for improving economic and 

environmental performances of pig farms: the case of Pigs2win 

↓ 

Paper title: „frontier analysis as part of successful agricultural decision support systems: the 

case of Pigs2win‟ 

DECISION 

SUPPORT 

SYSTEM 

 Case = pig farms  
 

Figure 1.1. Research and thesis outline 



 

11 

Chapter 2 

Contribution of production theory to economic-

environmental trade-off analysis 

 

Contribution to thesis: 

This chapter shows that production-theory contributes to improved theoretical insights on 

economic-environmental trade-offs and underlying mechanisms that determine these trade-

offs. Based on a literature review of theoretical and empirical research on trade-offs, points of 

attention are put forward that have to be taken into account when analyzing trade-offs. A 

production-theoretical framework is then constructed that connects economic performance and 

environmental pressure via the production function. The link between production, economic 

performance and environmental pressure is used to analyze trade-offs implied by different 

management interventions and it is shown how the points of attention derived from literature 

play out.  

 

 

 

This chapter has been submitted as: 

Van Meensel, J., Lauwers, L., Van Huylenbroeck, G., Van Passel, S., 2010. Production theory 

and trade-offs between economic performance and environmental pressure at firm level. 
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Paper abstract 

 

This paper shows that production theory contributes to improved theoretical insights on the 

linkage between economic performance and environmental pressure at firm level and the 

underlying mechanisms that determine this linkage. To come to this conclusion, a production-

theoretical framework is constructed that links theoretically consistent production, cost, 

revenue and emission functions and takes into account the materials balance principle for 

emission. The framework deals with multiple points of attention that are mentioned in 

literature to have caused discrepancy between existing empirical research results. The 

improved insights show how different management interventions may result in different 

economic-environmental trade-offs. It is also shown how trade-offs are firm-specific and 

depend on the market conditions and environmental regulations. The different trade-offs 

represent different stages in the trade-off curve. It follows that the partially conflicting trade-

off paradigms found in theoretical literature are in fact representations of these trade-off 

stages. In conclusion, some recommendations are given to apply and further generalize the 

established framework. 

 

 

Keywords:  economic performance, environmental pressure, trade-off analysis, production 

theory 
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Chapter 2  

Contribution of production theory to economic-environmental 

trade-off analysis 

 

2.1. Introduction 

Societal concerns about negative environmental effects of firm activities have led to a sharp 

increase of environmental regulations around the world (Rugman and Verbeke, 1998; Canon-

De-Francia et al., 2007). Government regulations represent the most important incentive for 

firms to consider environmental issues (Henriques and Sadorski, 1996). As firms also need to 

remain competitive under often difficult market conditions, decision making becomes more 

and more complex. Maintaining competitiveness while respecting environmental regulations 

is one of the major challenges for firms. 

 

In order to provide firms with better guidance for improving economic performance and 

reducing environmental pressure, economic-environmental trade-offs have to be explored. 

Trade-offs can be positive or negative. A positive trade-off implies that economic and 

environmental performances improve simultaneously. A negative trade-off implies that 

economic performance improves, while environmental performance diminishes or vice-versa.  

 

Literature on economic-environmental trade-offs is abundant but not conclusive (Schaltegger 

and Synnestvedt, 2002). Theoretical paradigms are partially conflicting in the sense that there 

is no agreement on the existence of positive trade-offs (Telle, 2006). There is also significant 

variation across empirical studies, ranging from negative to positive trade-offs identified 

(Orlitzky et al., 2003). Multiple authors (e.g. King and Lenox, 2001; Schaltegger and 

Synnestvedt, 2002; Boons and Wagner, 2009) explain this inconclusiveness by the lack of 

insights on the relationship between economic performance and environmental pressure and 

the forces that drive this relationship.   

 

The objective of this paper is to explore whether production theory can provide improved 

theoretical insights on the relationship between economic performance and environmental 

pressure at firm level. Production theory considers the production function, being the 
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transformation of input(s) into output(s). Multiple standard economic textbooks (e.g. Varian, 

2006) elaborate on the relationship between production and economic performance. 

Moreover, the well-known D(river)P(ressure)S(tate)I(mpact)-R(esponse) causality concept 

(Smeets and Weterings, 1999) indicates a direct linkage between the activity of a firm (D) and 

environmental pressure (P) caused by the firm. By making explicit the relationship between 

production, economic performance and environmental pressure, additional information may 

be derived on the underlying mechanisms that determine economic-environmental trade-offs 

at firm level. This may reduce the complexity of economic-environmental decision making.    

 

The paper is structured as follows. Section 2.2 consists of a literature review: the partially 

conflicting theoretical trade-off paradigms are structured and an overview is given of 

empirical research on economic-environmental trade-offs. As a result of the literature review, 

points of attention are put forward that have to be taken into account when analyzing 

economic-environmental trade-offs. Section 2.3 uses production theory to establish a trade-off 

framework. It is shown how the points of attention put forward in section 2.2 influence the 

assessed trade-offs. Section 2.4 contains the conclusion, some recommendations for further 

generalizing the established framework and implications of our findings for empirical 

research, firms and policy makers. 

 

2.2. Literature review 

2.2.1. Partially conflicting theoretical trade-off paradigms 

The relationship between economic and environmental pressure of firms has been studied in 

literature for a considerable period of time. In general, two perspectives have emerged: while 

conventional theory assumes a relationship between economic and environmental 

performance that is uniformly negative, the revisionist hypothesis proposes an inversely U-

shaped curve with a positive link at lower environmental performance levels and a negative 

link at higher levels (Schaltegger and Synnestvedt, 2002; Wagner et al., 2002; Wagner, 2005; 

Claver et al., 2007; Lankoski, 2008; Boons and Wagner, 2009).  

 

Conventional theory bases the negative relationship between economic and environmental 

performance on two assumptions: (1) firms are producing fully efficiently and (2) production 

and pollution abatement are separable (Archibald, 1988; Wossink et al., 2001; Wossink and 
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Denaux Sogutlu, 2002). These assumptions imply that a firm can control its emission by 

either applying end-of-pipe measures or by reducing output. End-of-pipe measures are 

implemented after actual production and include the treatment of waste and safe 

environmental disposal (Hart, 1995; Cagno et al., 2005; Hellweg et al., 2005). Conventional 

theory considers emission as a fixed proportion of a firm‟s output (Xepapadeas, 1997). This 

strict joint production relation (Whitcomb, 1972) implies weak disposability for pollution. 

Weak disposability only allows for a proportional reduction of outputs and pollution 

(Shephard, 1970). Pollution control is then always costly (Wossink and Denaux Sogutlu, 

2002). According to conventional theory, economy and environment have to be considered as 

substitutable – they are not complementary (Karvonen, 2001). 

 

The conventional theory-based negative relationship between economic and environmental 

performance and the underlying assumptions becomes, however, more and more criticized. 

Wossink et al. (2001), for example, argue that production, pollution and abatement are to be 

treated as non-separable. This allows for proper account to be taken of control options 

provided by changes in production practices. Pollution most often result from specific inputs 

that have the characteristics of joint inputs, as any quantity simultaneously produces the 

intended output and the unintended pollution. The combination in which these marketable 

outputs and bad side effects is generated depends on the production method chosen – this 

combination is not fixed. This means that it becomes technically feasible to substitute inputs 

or introduce new production processes or inputs to reduce the level of the pollution without 

reducing the level of planned output.  

 

Archibald (1988) states that strict joint production specifications do not allow for the 

technical possibilities of pollution abatement and provide too little flexibility to describe 

accurately pollution from production. Sudit and Whitcomb (1976) present a so-called 

generalized joint production model that allows for (a) both intended outputs and unintended 

pollution to be produced, (b) their proportion to be varied, and (c) possibilities of 

rearrangement of productive inputs to counter negative environmental effects. 

 

Wossink and Denaux Sogutlu (2002) state that efficiency improvements can offset (part of) 

the costs associated with better environmental quality of production. De Koeijer et al. (1999, 

2002) argue that using inputs more efficiently may lead to the achievement of both economic 

and environmental objectives simultaneously. This implies that pollution cannot always be 



Chapter 2 

16 

considered as weakly disposable, meaning that environmental improvement does not 

necessarily need to come at a private cost. 

 

Hill et al. (1999) distinguish three main stages in the process of firm level transition to 

environmentally sound production practices: (1) efficiency improvement, (2) substitution of 

inputs or production processes and (3) output reduction or the use of new or additive 

technology for environmental purposes.  

 

Porter and van der Linde (1995) put forward a win-win hypothesis, arguing that improved 

environmental performance is a potential source for competitive advantage as it can lead to 

more efficient processes, improvements in productivity, lower costs of compliance and new 

market opportunities. Two reasons underpin this argument: first, firms facing higher pollution 

costs have an incentive to research new technologies and production approaches that can 

ultimately reduce the cost of compliance. Innovations also result in lower production costs, 

e.g. lower input costs due to enhanced productivity. Second, firms can gain „first mover 

advantages‟ through selling new solutions and innovations to other firms (Esty and Porter, 

1998). Researchers such as Hart (1995), Shrivastava (1995), Karagozoglu and Lindell (2000) 

and Aragon-Correa and Sharma (2003) construct a theoretical view for the win-win 

perspective, arguing that stringent environmental regulations lead to more competition and 

stimulate innovation and efficiency. Bréchet and Jouvet (2009) provide a microeconomic 

rationale for the existence of win-win situations or so-called no-regret options. By considering 

the environment as a production factor, they argue that pollution abatement always has a cost, 

but the cost can be outweighed, to a certain extent, by the improvement of the firm‟s global 

productivity when the environmental management measure is implemented.   

 

Concepts for measuring contributions to sustainability are also built on the win-win 

perspective. Eco-efficiency, for example, is based on creating more goods and services while 

using fewer resources and creating less waste and pollution (WBCSD, 2000). Sustainable 

Value Added (Figge and Hahn, 2004) measures whether a company creates more value while 

ensuring that every environmental (and social) impact remains in total constant. 

 

The inverted U-shaped relationship between economic and environmental performance at 

micro level stems from the basic ideas behind the environmental Kuznets curve at macro level 

(Karvonen, 2001). Below a certain level of income, economic growth and environmental 
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degradation are positively related where after the relationship turns negative (Grossman and 

Krueger, 1991; World Bank, 1992; Selden and Song, 1994; Shafik, 1994). Economy and 

environment are then considered as complements or substitutes (Karvonen, 2001), depending 

on the level of environmental degradation.  

 

Under the revisionist‟s hypothesis, reducing output and applying end-of-pipe measures are not 

the only possible management activities to improve environmental performance. Multiple 

authors (e.g. Rennings, 2000; Sarkis and Cordeiro, 2001; Beaumont and Tinch, 2004; 

Wagner, 2005; Claver et al., 2007; Frondel et al., 2008; Boons and Wagner, 2009; Lopez-

Gamero et al., 2009) distinguish between integrated pollution prevention, directly addressing 

the cause of emissions, and additive end-of-pipe measures. Examples of integrated pollution 

prevention are modifying production system‟s equipment and operations, using different raw 

materials, product redesign or reformulation and in-process recycling (Oldenburg, 1987; 

Cagno et al., 2005). Note that there is no complete agreement in literature on the positioning 

of the boundary between integrated pollution prevention and additive end-of-pipe measures. 

On-site and off-site recycling of waste, for example, may be classified under both types of 

measures (Cagno et al., 2005). 

 

The validity of the win-win hypothesis has been criticized as well. Walley and Whitehead 

(1994), for example, suggest that the cases of the win-win scenario are likely to be very 

limited in practice. Palmer et al. (1995) argue that little evidence is offered and more 

empirical analysis is necessary to establish the extent of the effect. 

 

2.2.2. Empirical research on economic-environmental trade-offs 

Multiple empirical studies assess the relationship between economic and environmental 

performance, but they have not been conclusive. Based on a meta-analysis, Orlitzky et al. 

(2003) conclude that there is still significant variation across individual studies, ranging from 

(few) negative to insignificant to moderately or even strongly positive links identified. 

Negative links are found in, for example, Jaggi and Freedman (1992), Sarkis and Cordeiro 

(2001), Wagner et al. (2002), Thornton et al. (2003) and Bansal (2005), while positive links 

are found in Cormier et al. (1993), Hart and Ahuja (1996), Klassen and McLaughlin (1996), 

Sharma and Vredenburg (1998), Konar and Cohen (2001), Murty and Kumar (2003), Al-
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Tuwaijri et al. (2004), Clemens (2006), Garcia Rodriguez and Mar Armas Cruz (2007), 

Nakao et al. (2007), Wahba (2008) and Mazzanti and Zoboli (2009).  

 

Multiple reasons are put forward for the disparity in results between different empirical 

studies. Several authors (e.g. Konar and Cohen, 2001; Wagner, 2001; Elsayed and Paton, 

2005; Claver et al., 2007; Garcia Rodriguez and Mar Armas Cruz, 2007; Boons and Wagner, 

2009; Lopez-Gamero et al., 2009) argue that the use of different indicators to measure 

economic or environmental performance may lead to contradictory results. Economic 

performance is often assessed with accounting based measures, which may be strategically 

influenced by managers, or with stock market measures, which may reflect beliefs of stock 

traders about the value of a firm. Therefore, these measures may not correspond completely to 

the firm‟s economic performance. Similarly, environmental performance may differ, 

depending on emissions and resources included and the way they are aggregated (Boons and 

Wagner, 2009).  

 

Some authors (e.g. McWilliams and Siegel, 1997; Wagner, 2001; Elsayed and Paton, 2005; 

Claver et al., 2007) argue that the applied method to find a link between economic and 

environmental performance may also influence results. Methods that are often used are event 

studies, (model) portfolio research and regression-based studies (Wagner, 2001). Results may 

also be contradictory because small samples are used (Cohen et al., 1997; Konar and Cohen, 

2001; Elsayed and Paton, 2005), different samples address different sectors or industries 

(Sarkis and Cordeiro, 2001; Wagner, 2001; Wagner, 2005; Telle, 2006; Garcia Rodriguez and 

Mar Armas Cruz, 2007), effects are considered in the short term or in the long term (Rugman 

and Verbeke, 1998; Garcia Rodriguez and Mar Armas Cruz, 2007; Boons and Wagner, 2009) 

and models are not correctly specified because variables are omitted that have been shown to 

be important determinants of economic and/or environmental performance (Ullmann, 1985; 

McWilliams and Siegel, 2000; Telle, 2006; Claver et al., 2007). 

 

2.2.3. Points of attention for economic-environmental trade-off analysis 

Based on the disparity between empirical results, multiple authors put forward points of 

attention to be taken into account when assessing the linkage between economic and 

environmental performance.  

 



Production theory and trade-offs 

19 

Several authors (e.g. King and Lenox, 2001; Sarkis and Cordeiro, 2001; Wagner, 2001; 

Schaltegger and Synnestvedt, 2002; Wagner, 2005; Boons and Wagner, 2009; Lopez-Gamero 

et al., 2009) express the need for a deeper understanding of the link between economic and 

environmental performance and the forces influencing the relationship. Wagner (2001) argues 

that resolving the correlation aspects between economic and environmental performance 

would still leave the question of the direction of causality between both performances. In 

order to assess this causality, Sarkis and Cordeiro (2001) and Wagner (2001) argue for 

distinguishing between different forces, since they may lead to different economic and 

environmental effects. Also Schaltegger and Synnestvedt (2002) and Wagner and Schaltegger 

(2004) state that not merely the environmental performance level, but mainly the kind of 

environmental management with which a given level is achieved, influences the economic 

outcome. The relation between economic and environmental performance depends on the 

kind of management activities, strategies and concepts and whether they are applied correctly 

in the right situation (i.e. there is a fit of the environmental management approach with the 

given situation). King and Lenox (2001) state that it may be that it pays to reduce pollution by 

some means but not by other. 

 

Another point of attention is that economic-environmental trade-offs may be firm-specific 

(Christmann, 2000; King and Lenox, 2001; Schaltegger and Synnestvedt, 2002; Elsayed and 

Paton, 2005; Telle, 2006). Better understanding of these firm-specific differences may 

provide a richer understanding of profitable environmental improvements. It may be that only 

firms with certain attributes can profitably reduce their pollution.  

 

The relationship between economic and environmental performance may also depend on the 

type and stringency of environmental regulation (Wagner, 2001; Telle, 2006), and on the 

market conditions (Wagner, 2001). 

 

According to Boons and Wagner (2009), a central issue in looking at the relationship between 

economic and environmental performance is the definition of the system (e.g. individual firm, 

market, production and consumption systems, national economic systems) for which the 

relationship is assessed. Researchers often tend to be implicit about the way in which they 

define the system. However, the link between economic and environmental performance takes 

different shapes depending on the system and system boundaries that are considered. 
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2.3. Production-theory-based trade-off framework 

This section provides a production-theory based framework for economic-environmental 

trade-off analysis at firm level. First, the linkage between production, economic performance 

and environmental pressure is made explicit. Second, the established link is used for an 

analytical discussion of economic-environmental trade-offs caused by different management 

interventions. Third, the effect of price changes and environmental regulations on the assessed 

trade-offs is analyzed. 

 

2.3.1. Link between production, economic performance and environmental pressure 

We use production theory to provide a deeper understanding of the link between economic 

and environmental performances at firm level. The relation between production and economic 

performance has been elaborated in multiple standard economic textbooks (e.g. Varian, 

2006). The D(river)P(ressure)S(tate)I(mpact)-R(esponse) causality concept also indicates a 

direct linkage between the activity of a firm (D) and environmental pressure (P) caused by the 

firm. Our framework therefore uses environmental pressure (P) as a measure of environmental 

performance of the firm. S(tate) and (I)mpact are not considered, since there is no direct link 

with the activity of the firm. 

 

In environmental economics literature, the standard approach to make the linkage between 

production and environmental pressure explicit is to treat waste emissions as another factor of 

production (Cropper and Oates, 1992). In multiple productive efficiency models, an extra 

pollution variable is incorporated into the production model as another input or as a weakly 

disposable bad output (see reviews by Tyteca, 1996; Scheel, 2001). A detailed discussion 

about the treatment of these variables as inputs or as undesired outputs falls beyond the scope 

of this paper. However, as discussed in section 2.2, pollution may not always be seen as 

weakly disposable. Moreover, a number of authors (e.g. Pethig, 2006; Coelli et al., 2007; 

Ebert and Welsch, 2007; Lauwers, 2009) argue that some of these approaches are inconsistent 

with the materials balance condition.  

 

The materials balance conditions implies that, due to the first law in thermodynamics (law of 

mass conservation), the transformation of material inputs into desired outputs can never be 

complete: some residual inadvertently arises as a by-product, and material input, desirable 
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output, and residual are linked by the material balance (Ebert and Welsch, 2007). 

Baumgärtner (2004) shows that the materials balance condition implies that the marginal 

product as well as the average product of a material resource input are bounded from above 

by the inverse of the resource fraction in the good produced.  

 

In order to establish the economic-environmental trade-off framework, we provide an explicit 

treatment of the materials balance. Nevertheless, we acknowledge that a materials-balance-

based framework also entails a number of limitations for trade-off analysis. Indeed, the 

materials balance fails to take into account immaterial types of environmental pressure (e.g. 

noise, visual pollution etc.). Moreover, the lack of universally accepted weights for different 

types of environmental pressure complicates their aggregation. Finally, the materials balance 

does not capture the change in entropy (i.e. second law of thermodynamics), while the same 

matter with different entropy may affect environmental pressure. Nevertheless, using a 

materials-balance-based trade-off framework allows for a didactical representation of the 

contribution of production theory to trade-off analysis. Moreover, in section 2.4, 

generalization possibilities of the established framework are provided with respect to the 

shortcomings of the materials balance.  

 

In Figure 2.1, we assume a hill-shaped production function, as initiated by Pareto (1906). One 

material input X is transformed into one output Y. Increasing returns to variable input are 

obtained at low input levels and decreasing returns at high input levels. Following the 

findings from Baumgärtner (2004), we introduce the upper bound X/ρ for both marginal and 

average product of the material input. ρ represents the fraction of material input in output. As 

emission is represented by the distance between X/ρ and the production function, an emission 

function that is consistent with the hill-shaped production function can be derived. 

 

 

 

 

 

 

 

 

Figure 2.1. Production and materials balance-based emission 
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Figure 2.1 shows that increasing input use along the production function results in more 

emission. Marginal emission is positive. Nevertheless, marginal emission and average 

emission can both be minimized along the emission function, respectively at point A and B. 

 

The next step is to introduce economic performance in figure 2.1. If we assume firms to be 

price takers, the production function can be interpreted as a gross revenue function without 

loss of generality. In figure 2.2, the gross revenue function is shown, together with a cost 

function and the line representing the upper bound for both marginal and average product of 

the material input. Net revenue is maximized where the distance between gross revenue and 

cost is maximal (point C). This point represents optimal economic scale and implies that an 

amount of input Xecef is used to produce an amount of output Yecef. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Production, net revenue and materials balance-based emission 

 

Figure 2.2 integrates production, economic performance and environmental pressure. This 

figure can now be used for an analytical discussion of economic and environmental effects of 

different management interventions. 

 

2.3.2. Management interventions and implied trade-offs 

In order to analyze economic-environmental trade-offs of management interventions, we 

follow the classification by Rennings (2000), who distinguishes between integrated pollution 

prevention measures and additive end-of-pipe measures. We group integrated pollution 

prevention measures into measures that affect the production function (new or modified 
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input(s) and/or output(s), new technology/production process, in-process recycling etc.) and 

measures that leave the production function unchanged (efficiency improvements).  

 

First, economic-environmental trade-offs caused by efficiency improvements are analyzed. In 

figure 2.2, we can distinguish between economic and technical efficiency. Point C represents 

the locus of economic efficiency. Firms operating on or below the production function can 

increase net revenue through moving towards this point. Technical efficiency is a part of 

economic efficiency. Technical efficiency reflects the ability to obtain maximal output(s) 

from (a) given input(s) or to use minimal input(s) to obtain (a) given output(s) (Coelli et al., 

2005). The production function is the locus of technical efficiency. This means that all firms 

that are operating on the production function are fully technically efficient, while only firms 

that are operating in point C are also economic efficient.  

 

A firm may operate on the production function, using an input level that is less than Xecef. 

This firm can improve economic efficiency through increasing input use and moving towards 

point C. Using more input, however, results in more emission (see section 2.3.1). Therefore, if 

the firm exploits economies of scale and uses more input, a negative economic-environmental 

trade-off is established. Another firm may also operate on the production function but with an 

input level that is more than Xecef. This firm can increase economic efficiency through 

decreasing input use and moving towards point C. As less input use implies less emission, a 

positive economic-environmental trade-off occurs when this firm lowers input use.  

 

Firms may also operate below the production function. Technical efficiency can then be 

increased through moving towards the production function. Based on figure 2.2, it can be seen 

that this technical efficiency increase brings the firms further away from the cost function and 

closer to the X/ρ line. This means that net revenue increases while emission decreases. 

Consequently, a technical efficiency improvement implies a positive economic-environmental 

trade-off. 

 

The analysis above considers the use of one material input to produce one output. We 

consider now a production technology that implies the use of two material inputs to produce 

one output. In that case, economic efficiency is not only determined by economic scale, but 

also by the combination in which these inputs are used. Cost allocative efficiency can then be 

defined as the ability to use inputs in optimal proportions, given their respective prices and the 
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production technology (Coelli et al., 2005). Cost allocative efficiency can be combined with 

technical efficiency to provide a measure of cost efficiency (Coelli et al., 2005). Based on a 

study by Lauwers et al. (1999), Coelli et al. (2007) also define an environmental efficiency 

measure that can be decomposed into technical and allocative components, in a similar 

manner to the conventional cost efficiency decomposition. The decomposition of both cost 

and environmental efficiency into technical and allocative efficiencies offers additional 

diagnostics to analyze economic-environmental trade-offs. 

 

Figure 2.3 illustrates this, presenting a unit-isoquant in an input-input space
1
. A unit-isoquant 

is derived from the production function and presents input substitution possibilities for 

producing one unit of output. The unit-isoquant in figure 2.3 is the locus of technical 

efficiency. Given the input prices, there is a combination of inputs on the unit-isoquant that 

maximizes cost efficiency (point D). Similarly, given environmental coefficients that link 

inputs to environmental pressure, there is an input combination on the unit-isoquant that 

maximizes environmental efficiency (point E). The cost efficient input combination lies 

where the proportion of input prices equals the marginal substitution rate of inputs. Similarly, 

the environmental efficient input combination is located where the proportion of 

environmental coefficients of inputs equals the marginal input substitution rate.  

 

Figure 2.3 shows a firm that is using input quantities X1f and X2f to produce one unit of 

output. The firm can improve its technical efficiency through making a radial movement 

towards the unit-isoquant (path 1), i.e. by using less of both inputs per unit of output. This 

technical efficiency improvement results in an increase of both cost and environmental 

efficiencies and therefore implies a positive economic-environmental trade-off. By 

substituting input 1 by input 2 (path 2), the firm obtains an input allocation that 

simultaneously increases cost allocative and environmental allocative efficiencies, and 

therefore implies a positive trade-off. Beyond the input allocation that maximizes cost 

efficiency, further substitution of input 1 by input 2 (path 3) decreases cost allocative 

efficiency but improves further environmental allocative efficiency (negative trade-off). 

                                                
1 A unit-isoquant framework is only valid under constant returns to scale. For clarifying purposes, a unit-

isoquant is used here. 
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Figure 2.3. Trade-offs through efficiency improvements 

 

The example above considers a firm that can achieve positive economic-environmental trade-

offs through substituting inputs. The direction of improvement paths towards optimal input 

allocations may, however, differ between firms. For a firm that is situated between the lines 

for optimal cost allocative and environmental allocative efficiencies, increasing cost allocative 

efficiency implies decreasing environmental allocative efficiency and vice versa. For this 

firm, substituting inputs always implies a negative economic-environmental trade-off.  

 

The example above is worked out in an input-input space. In the case of multiple outputs, 

efficiency improvements and output rearrangements can be analyzed in a similar way in an 

output-output space. 

 

After having focused on efficiency improvements, we consider integrated pollution 

prevention measures that affect the production function. Measures like using additional, other 

or modified input(s) and/or output(s), new technologies/production processes and in-process 

recycling necessarily result in a new production function. In addition, the cost function, gross 

revenue function, X/ρ line and loci for optimal economic scale and optimal allocative 

efficiencies may change. As the production function is located closer to the X/ρ line, 

environmental performance increases. Whether a positive economic-environmental trade-off 

is established depends on the change in net revenue.  
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Finally, we consider end-of-pipe measures. Rennings (2000) distinguishes between waste 

disposal, reclaiming and recycling. End-of-pipe measures take place after waste has already 

been generated. Therefore, end-of-pipe measures do not influence the production function but 

affect the cost function. Waste disposal increases costs and therefore imply a negative 

economic-environmental trade-off. Recycling and reclaiming may also result in higher costs, 

due to additional recycling or reclaiming costs. Nevertheless, costs may also decrease if the 

use of recycled or reclaimed inputs result in a decrease in input costs that compensates the 

additional recycling or reclaiming costs. Depending on the cost increase or decrease, a 

positive or negative trade-off is established. 

 

The analytical elaboration above does not include any transaction costs. In practice, however, 

management interventions are accompanied by transaction costs. If necessary, these 

additional costs can easily be taken into account when using our framework through adding 

them to the economic effect of the analyzed market intervention.    

 

2.3.3. Effects of price changes and environmental regulations on trade-offs 

Now that we have assessed economic-environmental trade-offs of different management 

interventions, we can analyze how these trade-offs are affected if prices change or if 

environmental regulations are implemented. Again, our analytical discussion is based on 

figures 2.2 and 2.3. 

 

First, we consider price changes. A change in input price affects the cost function in figure 

2.2, while a change in output price influences the gross revenue function but leaves the 

production function unchanged. Modified cost and/or gross revenue functions may affect the 

loci of optimal economic scale and/or optimal economic allocative efficiencies, which may 

influence economic-environmental trade-offs. A decrease in output price, for example, may 

cause the point of optimal economic scale (point C in figure 2.2) to shift on the production 

function toward less input use and less output production. Firms on the production function 

that previously would have to increase input use to optimize economic scale may now have to 

decrease input use to arrive at point C. For these firms, optimizing economic scale previously 

implied a negative economic-environmental trade-off, while a positive trade-off is established 

under the current price conditions. A similar reasoning applies to changes in input prices in 

the case when multiple material inputs are used. Changes in input prices may affect the cost 
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allocative efficient line in figure 2.3. Firms that previously would have to substitute input 1 

for input 2 to become cost allocative efficient may require the opposite input substitution 

when input prices change. For those firms, becoming cost allocative efficient previously 

implied a positive economic-environmental trade-off, while now a negative trade-off is 

established.    

 

Second, we consider environmental regulations. Environmental regulations can be divided 

(see e.g. Rennings et al., 2006) into market-based instruments (taxes, subsidies, marketable 

permits etc.) and command and control approaches (emission standards, equipment/process 

specifications etc.). Market-based instruments affect the cost function and/or the gross 

revenue function while command and control approaches may affect the cost function, the 

production function and/or the X/ρ line. If the production function, cost function and/or gross 

revenue function change, the loci of optimal economic scale and/or optimal allocative 

efficiencies may also change. Environmental regulations may therefore influence economic-

environmental trade-offs implied by different management interventions. 

 

Consider for example the locus of optimal cost efficiency (point D) in figure 2.3 and suppose 

that an emission tax is introduced that depends on the amount of emission. In that case, the 

locus of optimal cost efficiency moves along the unit-isoquant toward the locus of optimal 

environmental efficiency as long as the increase in input costs is more than compensated by 

the decrease in emission costs. At a certain point on the unit-isoquant, moving further towards 

the locus of optimal environmental efficiency results in an increase in input costs that is 

higher than the decrease in emission costs. Moreover, moving from this point in the opposite 

direction implies that the increase in emission costs is higher than the decrease in input costs. 

This is the new locus of optimal cost efficiency. The new line for optimal cost allocative 

efficiency crosses the unit-isoquant at this point. The changed locus implies that firms that 

were previously located between the lines for optimal cost allocative and environmental 

allocative efficiencies and would have to substitute input 2 for input 1 to become cost 

allocative efficient may now require the opposite input substitution. For those firms, 

becoming cost allocative efficient previously implied a negative economic-environmental 

trade-off, while now a positive trade-off is established. The extent by which the locus of 

optimal cost efficiency changes depends on the level of the emission tax, i.e. on the stringency 

of environmental regulation. If the environmental regulation is more stringent, the shift of the 
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locus of optimal cost efficiency will be greater and the trade-offs of more firms will be 

affected. 

 

Environmental regulations may also affect economic-environmental trade-offs of other 

management interventions. Disposing waste, for example, may result for the firm in a 

decrease in environmental regulation costs that more than outweighs the waste disposal costs. 

In that case, waste disposal may even imply a positive economic-environmental trade-off. 

 

2.4. Conclusion and discussion 

The established framework demonstrates that production theory contributes to improved 

theoretical insights on the linkage between economic performance and environmental 

pressure at firm level and the underlying mechanisms that determine this linkage. The use of 

production theory allows for dealing with points of attention put forward in literature to be 

taken into account when analyzing economic-environmental trade-offs. As these points of 

attention influence the assessed trade-offs, they also cause the discrepancy between existing 

empirical research results. 

 

To address the causality question between economic performance and environmental 

pressure, the link is established between both performances and production. The 

transformation of input(s) into output(s) is shown to be a driver for both economic and 

environmental performances. Our analysis shows clearly how different management 

interventions may result in different economic-environmental trade-offs. Different trade-offs 

represent in fact different stages in the trade-off curve. It follows that the partially conflicting 

trade-off paradigms found in theoretical literature are in fact complementary and 

representations of these different trade-off stages. It is also demonstrated how trade-offs 

implied by management interventions may be firm-specific. Moreover, it is shown how 

changed market conditions and environmental regulations affect performance benchmarks and 

may therefore also affect trade-offs. 

 

In order to derive these general conclusions, production theory is used to develop a trade-off 

framework. The framework provides an explicit treatment of the materials balance principle, 

which is often neglected in production models that integrate environmental performance. 

Nevertheless, a materials-balance-based framework also entails some limitations for trade-off 
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analysis, as discussed in section 2.3.1. The question is whether the established framework can 

be generalized in order to deal with the shortcomings of the materials balance.  

 

In the case of multiple emissions, generalization is possible through identifying environmental 

performance benchmarks for each emission individually or through combining emissions into 

an aggregate environmental performance measure (see also Coelli et al., 2007). Nevertheless, 

assessing an aggregate environmental performance measure is not always straightforward, 

due to the lack of universally accepted weights for different emissions.  

 

In the case of immaterial emissions, multiple emissions and/or environmental pressure related 

to increased entropy,  the exergy concept can be used to generalize the established framework. 

Exergy refers to the usefulness, value or quality of any form of mass and energy. The exergy 

contents of mass and energy (unit: joules) is the maximum amount of work which can be 

produced by a system or resource when it comes to equilibrium with the surroundings 

(Dewulf et al., 2008). By using the exergy concept, both material and immaterial inputs and 

outputs can be described in terms of a common physical unit which expresses both the 

quantity and quality (Ayres and Ayres, 1998). The exergy balance (Ayres, 1998; Rosen and 

Dincer, 1999; Hoang and Prasada Rao, 2010) differs from the materials balance in the sense 

that a new component is added which represents the destruction of exergy. As the destruction 

of exergy is proportional to the creation of entropy, the exergy balance adds the law of 

entropy non-conservation (i.e. second law of thermodynamics) to the materials balance 

principle (i.e. first law of thermodynamics). Based on the exergy balance, Hoang and Prasada 

Rao (2010) recently presented a new sustainable efficiency measure that can be decomposed 

into technical and cumulative exergy allocative efficiency. Cumulative exergy allocative 

efficiency is maximized when an input (or output) combination is used that minimizes the 

cumulative exergy amount that is destructed (increased entropy) and contained in waste. By 

using this sustainable efficiency approach in combination with economic efficiency, our 

framework can be further generalized.   

 

As production theory provides additional insights on the relationship between economic 

performance and environmental pressure, empirical research considering trade-offs will also 

benefit from using methods that take into account the production function. Frontier methods 

may be useful as they position individual firms against a best practice frontier and assess 

technical, economic, environmental and/or sustainable efficiency scores. Coelli et al. (2007) 
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incorporate the materials balance principle for pollution into frontier analysis, allowing for the 

decomposition of both cost and environmental efficiencies into technical and allocative 

components. The exergy-based sustainable efficiency concept proposed by Hoang and 

Prasada Rao (2010) can be used in connection with cost efficiency measures from traditional 

efficiency literature, when the shortcomings of the materials balance play out. Further 

research may focus on the use of these methods to make our framework operational.  

 

In order to support managers in their selection of firm-specific measures that are economically 

to be preferred to reduce environmental pressure, the improved insights can be incorporated in 

decision support systems. Nevertheless, this does not guarantee that the firm manager will 

actually adopt these measures. Several studies elaborate on the factors that may influence the 

adoption of measures influencing economic and environmental performance. These factors 

include so-called bounded rationality (Porter and van der Linde, 1995; Burnett and Hansen, 

2008), organizational competency (Sharma et al., 2007; Aragon-Correa et al., 2008), the 

presence of investment barriers like the availability of resources and payback time (Karvonen, 

2001), risks involved with the adoption (Rugman and Verbeke, 1998), knowledge spillover 

effects (Mazzanti and Zoboli, 2005; Galdeano-Gomez and Cespedes-Lorente, 2008; 

Galdeano-Gomez et al., 2008), satisfying objectives instead of profit maximizing behavior 

(Boons and Wagner, 2009), environmental regulation (Pickman, 1998) and the design (Porter 

and van der Linde, 1995; Majumdar and Marcus, 2001) and stringency of environmental 

regulation (Mazzanti and Zoboli, 2005; Frondel et al., 2008). 

 

Besides supporting firms with their decision making, the improved insights may help policy 

makers to select appropriate policy measures to steer firms towards positive economic-

environmental trade-offs. Adequate policy measures should provide enough flexibility to 

firms, since preferable management activities are shown to be firm-specific. Majumdar and 

Marcus (2001) discuss multiple advantages of flexible regulations. Burnett and Hansen (2008) 

argue that properly designed regulations (1) focus on environmental outcomes and not on the 

means to achieve those outcomes and (2) provide a signal to companies to improve and 

trigger innovations that will reduce pollution while simultaneously reducing environmental 

costs. Rennings et al. (2006) mention that market-based instruments (e.g. taxes, tradable 

permits) have been identified for a long time as environmental policy instruments that 

stimulate technical environmental innovations the most. Clemens (2006) points out that the 
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role of „green economic incentives‟ on the relationship between economic and environmental 

performance has not been comprehensively studied.  

 

Overall, we can conclude that this paper contributes to improved insights on economic-

environmental trade-offs at firm level. The use of production theory for trade-off analysis 

allows for integrating the partially conflicting theoretical trade-off paradigms found in 

literature. Moreover, multiple issues that have caused the discrepancy between existing 

empirical research results can be dealt with. This paper provides a reference basis for 

evaluating in a consistent manner the effect of different management interventions influencing 

economic and/or environmental performances. 
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Chapter 3 

Frontier-analysis-based communicative diagnosis of 

economic-environmental trade-offs on pig-finishing 

farms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contribution to thesis: 

Frontier analysis is used to make operational the improved insights derived from the 

production-theoretical framework. This chapter considers a sample of pig-finishing farms and 

uses frontier analysis to identify economic and environmental performances, performance 

benchmarks, improvement paths and underlying mechanisms that determine aggregate 

performances. The application of frontier analysis for analyzing economic-environmental 

trade-offs is compared to the use of key performance indicators, which are traditionally being 

used for measuring performances in agriculture. Although frontier analysis will provide an 

improved diagnosis of trade-offs, farmers are mostly not familiar with efficiency scores, so 

communicating results to farmers may not be straightforward. Therefore, this chapter should 

provide a manner to combine the use of frontier analysis and traditional key performance 

indicators to allow for a communicative diagnosis of economic-environmental trade-offs.  

 

 

 

This chapter has been published as: 

Van Meensel, J., Lauwers, L., Van Huylenbroeck, G., 2010. Communicative diagnosis of cost-

saving options for reducing nitrogen emission from pig finishing. Journal of Environmental 

Management 91(11), 2370-2377. 
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Paper abstract 

 

Reducing nitrogen emission from livestock production is usually perceived as costly. 

Nevertheless, production process related measures addressing the transformation of input(s) 

into output(s) may result in a cost-saving reduction of nitrogen emission. This paper explores 

the separate and combined use of traditional key performance indicators and an 

environmentally adjusted Data Envelopment Analysis (DEA) to reveal firm-specific cost-

saving mechanisms for pig-finishing farms. Traditional key performance indicators are easy 

to communicate but have shortcomings when assessing benchmarks for comparative farm 

analysis. The environmentally adjusted DEA decomposes both cost and environmental 

efficiencies into technical and allocative efficiency components, separating the physical 

production analysis from price and nutrient content information. DEA makes efficiency 

benchmarks and improvement paths explicit, but the practical value of such efficiency scores 

is low. This paper proposes to take advantage of both methods: concrete benchmarks and 

eligible improvement paths are assessed using frontier methods, while the decision variables 

that steer farmers towards changes are described in terms of traditional key performance 

indicators. This leads to an improved diagnosis that is easy to communicate to farmers and 

may therefore facilitate decision support. Our pig-finishing case study shows that farms can 

achieve economic-environmental win-win situations through improving technical, cost 

allocative and cost efficiencies, which are mainly driven by feed conversion. Less technical 

efficient farms are found to require a lower delivery weight in order to minimize costs, which 

shows the farm-specificity of economic-environmental improvement advice. 

 

 

Keywords:  benchmarking, pig finishing, Data Envelopment Analysis, key performance 

indicators, economic-environmental trade-off 
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Chapter 3 

Frontier-analysis-based communicative diagnosis of economic-

environmental trade-offs on pig-finishing farms 

 

3.1. Introduction  

Livestock production is an important agricultural activity and is even a major driving force for 

regional development in some regions. Nevertheless, livestock production can negatively 

affect the environment, especially when production is intensive, regionally concentrated and 

decoupled from land use (Tamminga, 2003; Foley et al., 2005; Naylor et al., 2005; Bleken et 

al., 2005; Steinfeld et al., 2006; Oenema et al., 2007). Pig finishing is particularly 

problematic, since nitrogen emission is a main cause of problems like eutrophication and 

acidification (Backus et al., 1998; Jongbloed et al., 1999; Dourmad and Jondreville, 2007). 

Governments intervene to counteract these negative environmental effects but tight regulation 

leads to additional costs in a sector that is already under great pressure because of 

comparatively high production costs and strict regulation (Hoste, 2006).   

 

Maintaining competitiveness in harmony with the environment is one of the major challenges 

for livestock farms. Improving environmental performance is not necessarily a threat to the 

economic outcome (De Koeijer et al., 1999; Kumm, 2003). A better feed conversion, for 

example, has beneficial effects on both economic performance and nitrogen emission (Backus 

et al., 1998). The challenge at farm level becomes to exploit possibilities for improving 

simultaneously economic and environmental performance. In order to identify win-win 

possibilities, relevant performance benchmarks have to be established. As Gerber and Franks 

(2001) point out, this is not straightforward: current farm characteristics should be compared 

to realistic benchmarks in order to clarify the realistic improvements that can be made. 

 

The aim of this paper is to identify benchmarks for improving simultaneously economic and 

environmental performances. These benchmarks must enable diagnosis of economic-

environmental improvement paths that are easy to communicate to farmers. The paper uses 

Flemish pig finishing as a typical case of the above-mentioned sustainability problem in 

livestock production. We focus on nitrogen emission as undesired environmental effect. 
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Performance in pig finishing is traditionally measured using key performance indicators 

(KPIs). Popular KPIs are feed conversion (kg feed per kg live weight gain), production costs 

(euro per kg produced live weight) and labour income (expressed per delivered pig, average 

present finisher or labour unit). For more details, see various national reports on performances 

(e.g. CAE, 1998; MLC, 2006; Deuninck et al., 2009), or international comparisons of 

competitiveness (e.g. Hoste and Backus, 2003). These reports reveal considerable differences 

in economic performance between pig farms. Environmental performance may also differ 

substantially between pig farms (Meul et al., 2007). 

 

The question is whether traditional KPIs allow sufficiently for defining benchmarks to 

improve economic and environmental performance. In this paper, we use the production-

theory based frontier method Data Envelopment Analysis (DEA) both as an alternative and a 

complementary method for benchmarking. DEA is an efficiency approach that is frequently 

used in management sciences (Cooper et al., 2004; Emrouznejad, 2001; Emrouznejad et al., 

2008). In pig finishing, performance measurements with frontier methods are scarce and 

current practice remains based on KPIs. 

 

The paper is structured as follows. Section 3.2 describes the pig-finishing case, the data 

sample and the methods that are used to identify benchmarks for economic and environmental 

performances. Section 3.3 elaborates on the improvement paths and margins that are assessed 

with both methods and section 3.4 presents the conclusion.    

 

3.2. Data and benchmarking methods 

In pig finishing, the desired output is kg live weight, while nitrogen emission is the undesired 

output. The main inputs in terms of contribution to total costs are feed and piglets. Capital and 

labour are minor inputs. The finishing activity takes about 140 days, thus each pig place can 

be occupied by more than one piglet per year to finish as a marketable pig. Rotations (= 

number of start-ups per year) can be seen as an input factor instead of the mere piglet input. 

The rotation price then consists of the piglet price and the other costs linked to the starting-up 

process. In practice, substitution between feed and rotations can be reduced to a change in 

delivery weight of the finished pig.  
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The pig place is the technical production unit. In practice, however, a real occupied pig place 

is more useful and can be made operational through the concept of average present finisher 

(APF), which is a pig place corrected for the actual occupation. The number of APFs is easily 

monitored in most current accounting systems, through regular counting (e.g. every week) or 

through individual age registration.  

 

A cross-section of 117 pig finishing farms from the Belgian Farm Accountancy Data Network 

(FADN) is used. We pooled data for three consecutive years (2001-2003) in order to reduce 

possible measurement errors that may arise, in particular due to substantial stock changes. 

Average pig prices for this period reflect a long-term trend regardless of the cyclic 

movements of the pig price. As Piot-Lepetit and Le Moing (2007) point out, the position 

within the pig cycle may have an impact on the productivity of pig farms. Using an average 

situation allows for generalizations in a longer term perspective. 

 

The final sample of 117 farms stems from an initial sample of 126 pig-finishing farms from 

which 9 outliers have been removed. Outliers arose for various reasons: mere technical 

accountancy problems (e.g. registration errors), exceptional production conditions (e.g. herd 

disease), inferior scale and substantial structural changes during 2001-2003. As farmers are 

supposed to implement a homogeneous technology, it is useless to keep outliers for 

comparison purposes. Despite the homogeneous technology, the variation in input-output 

transformation causes a substantial variation in economic and environmental performance. 

 

The following subsections show how traditional key performance indicators and DEA are 

used, both separately and combined, to identify benchmarks for improving simultaneously 

economic and environmental performances.  

  

3.2.1. Key performance indicators (KPIs) 

It is common practice to use traditional KPIs for benchmarking purposes. Descriptive 

statistics are given in Table 3.1. We distinguish between two types of KPIs: underlying 

drivers of aggregate economic and/or environmental performances and aggregate economic-

environmental performance itself.  
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The first KPI type include feed conversion, average daily weight gain, mortality rate, input 

prices and output price. For each underlying driver, the 10% best scores in the sample are 

selected and considered as a benchmark. Note that we also identify benchmarks for prices, 

although farmers are considered as price takers. This is because in reality, prices may be 

influenced by the bargaining power of the farmer. Moreover, the carcass quality of the 

finished pig influences the pig price. Also note that feed conversion is calculated as the ratio 

of feed use and kg live weight gain, which is most common in practice. This may be counter 

intuitive from a production-theoretical viewpoint: first, the output in pig finishing is kg live 

weight, not kg live weight gain, and second, productivity measures are generally defined as 

output per input, not the other way round.  

 

The second KPI type considers eco-efficiency as an aggregate measure for economic-

environmental performance. Eco-efficiency is calculated as the ratio of labour income and 

nitrogen excretion. Nitrogen excretion is calculated by linking nitrogen content data to 

variable inputs (feed and rotations) and output (pig production). Nitrogen content data are 

average values taken from literature. The 10% farms with the highest eco-efficiency are used 

as benchmark farms. 

 

Table 3.1. Key performance indicators for the sample of 117 Flemish pig-finishing farms 

during 2001-2003  

 

 

3.2.2. Data Envelopment Analysis 

The production-theory based frontier method data envelopment analysis (DEA) is used as an 

alternative to traditional KPIs for measuring performances and identifying benchmarks. DEA 

involves linear programming (LP) methods to construct a nonparametric piece-wise frontier 

Feed conversion (kg feed/kg live weight gain) 3.14 0.20 2.72 3.65 3.13

Average daily weight gain (kg/day) 0.593 0.050 0.471 0.743 0.590

Mortality rate (%) 4.30 1.80 0.91 8.88 4.05

Feed price (euro/kg) 0.189 0.012 0.145 0.246 0.188

Rotation price (euro/rotation) 40.3 4.3 30.1 51.6 39.7

Pig price (euro/kg live weight) 1.13 0.04 0.94 1.24 1.13

Eco-efficiency (euro/kg) 3.55 2.29 -2.41 9.30 3.39

Key performance indicators Average
Standard 

deviation
Minimum Maximum Median
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over the data. Efficiency measures are then calculated relative to this frontier (Coelli et al., 

2005). 

 

Comprehensive reviews of the DEA methodology can be found in Charnes et al. (1995) and 

Cooper et al. (2000). DEA is widely used for efficiency analysis of agricultural holdings (e.g. 

Manos and Psychoudakis, 1997; Piot-Lepetit et al., 1997; Townsend et al., 1998; Reinhard et 

al., 2000; Shafiq and Rehman, 2000; Fousekis et al., 2001; Iraizoz et al., 2003; Oude Lansink 

and Reinhard, 2004; Galanopoulos et al., 2006; Hansson and Öhlmér, 2008; Gaspar et al., 

2009). Examples of DEA for pig production analysis can be found in Piot-Lepetit and 

Vermersch (1998), Rowland et al. (1998), Sharma et al. (1999), Asmild and Hougaard (2006) 

and Galanopoulos et al. (2006). When studying the Hawaiian pig industry, Sharma et al. 

(1999) compare the results of DEA and the parametric approach Stochastic Frontier Analysis 

(SFA). They conclude that the results obtained from DEA are more robust than those from the 

parametric approach. Although DEA may be sensitive to outliers (Coelli et al., 2005; 

Reinhard, 1999), this is likely to present only a minor problem in the case of pig finishing 

because the production process is highly conditioned.   

 

Our assessment of environmental efficiency follows the approach used by Coelli et al. (2007), 

who incorporate the materials balance concept into DEA. A number of authors (e.g. Coelli et 

al., 2007; Ebert and Welsch, 2007; Pethig, 2006; Lauwers, 2009) argue that several 

environmentally adjusted frontier methods (see overviews by Reinhard, 1999; Scheel, 2001; 

Tyteca, 1996) ignore the materials balance relationship between environmental performance 

and the underlying input-output production function. In a similar manner to the conventional 

cost efficiency decomposition, as described by Farrell (1957), Coelli et al. (2007) define an 

environmental efficiency measure that can be decomposed into technical and allocative 

components. Increased technical efficiency then leads to improvements in both cost and 

environmental efficiency.  

 

The method used by Coelli et al. (2007) resembles Reinhard and Thijssen (2000), who also 

discuss an environmentally optimal allocation of inputs. They use a shadow cost system 

approach to analyse possibilities for nitrogen emission reduction through improved technical 

efficiency on dairy farms. Asmild and Hougaard (2006) assess environmental performance of 

Danish pig farms by considering the nutrient balance at field level. They incorporate nutrients 

applied with manure as inputs and nutrients removed with crops as outputs into a DEA model. 
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This allows for the assessment of the technical efficiency of environmental variables but does 

not consider the decomposition of environmental efficiency into technical and allocative 

components.    

 

Our LP-based input-oriented efficiency model considers pig production (kg live weight) as 

output and feed use (kg) and the number of rotations as inputs. Only two inputs are used here, 

since capital and labour are minor inputs (see also Coelli et al., 2007). Moreover, the use of a 

framework with one output and only two inputs enables didactic graphical representations. 

The linear programming problem must be solved once for each farm in the sample (i.e. 117 

times). The efficiency model yields farm-specific technical efficiency scores that are situated 

between 0 and 1, with a value of 1 indicating a point on the frontier and hence a technical 

efficient farm. The technical efficiency measure for the i
th
 farm is obtained by solving the 

following linear program: 

 

 ,min  

st. 

0

)(1...

0)...(

0)...(

0)...(

11721

117117,222,211,2,2

117117,122,111,1,1

1171172211





















VRSforaccounttonecessaryonly

xxxx

xxxx

yyyy

i

i

i

 

 

with: θ: technical efficiency score for the i
th

 farm 

 yi: pig production (kg live weight) 

 x1,i: feed use (kg) 

 x2,i: number of rotations 

 λ = (λ1, λ2,..., λ117)‟: vector of constants  

 i: farm index 

 

Also similar to Coelli et al. (2007), cost and environmental efficiency scores are obtained by 

solving two additional linear programs for each farm in the sample. For the i
th

 farm, the 

following linear programs are solved: 
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with: w1,i: feed price (euro/kg)  nc1,i: feed nitrogen content (kg N/kg feed) 

w2,i: rotation price (euro/rotation)   nc1,i: rotation nitrogen content (kg N/rotation) 

c

ix ,1 : cost efficient feed use             e

ix ,1 : environmental efficient feed use 

 
c

ix ,2 : cost efficient rotation number   
e

ix ,2 : environmental efficient rotation number 

 

Cost (CEi) and environmental (EEi) efficiencies are calculated as: 
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Cost allocative (CAEi) and environmental allocative (EAEi) efficiencies are calculated 

residually as: 

 

i

i
i
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i
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EAE   

 

Note that the environmental efficiency measure defined above differs from the eco-efficiency 

measure defined in section 3.2.1. While environmental efficiency is a relative performance 

measure assessed with an environmentally adjusted productive efficiency model, eco-

efficiency is the ratio between an economic outcome, to be maximized, and an environmental 

pollution outcome, to be minimized. Lauwers (2009) also distinguishes between various types 

of integrated economic-environmental performance measurement, including environmentally 

adjusted productive efficiency models and eco-efficiency ratio indicator measurements. See 

Huppes and Ishikawa (2005b) for further discussion of the terminology of eco-efficiency. 
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3.2.3. KPIs and DEA combined 

Although frontier methods may be suitable to identify benchmarks for technical, cost and 

environmental efficiency, farmers are not familiar with efficiency concepts. Therefore, 

efficiency scores may not be useful for farm advisory purposes. Nevertheless, in combination 

with traditional KPIs, frontier methods may provide an added value to traditional decision 

support. This study uses DEA to exploit the production frontier and to identify relevant farm-

specific efficiency benchmarks. Then, decision variables to steer farmers towards the 

identified benchmarks are described in terms of traditional key performance indicators. 

Values of key performance indicators of one or multiple farm(s) constituting the efficiency 

benchmarks or situated closest to the efficiency benchmarks are used as points of comparison. 

 

3.3. Detecting benchmarks for economic-environmental win-win situations 

Key performance indicators and Data Envelopment Analysis (DEA) are first used separately 

(sections 3.3.1 and 3.3.2) and then together (section 3.3.3) to detect benchmarks for 

improving economic and environmental performances.  

 

3.3.1. Using key performance indicators 

Table 3.2 compares the 10% best scores for each driver (KPI type 1) with the 10% scores 

closest to the average value of that driver in the sample. Given the limited number of 

observations, the nonparametric Wilcoxon two sample test is used to check whether the 

values in the two samples differ
2
. 

 

                                                
2 Our setting consists of two subsamples drawn from a covering sample. Statistical tests that may be eligible for 

this setting include a one sample matched-pairs test and a two independent samples test. As there are no related 

pairs in our setting, we opt for the latter. However, we recognize that the subsamples are not fully independent.  
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Table 3.2. Comparison of 10% average scores with 10% best scores for each underlying 

driver of aggregate economic and environmental performances 

 

 

Each underlying driver has statistically significant differences between the 10% average 

scores and the 10% best scores. This is not surprising since benchmarks for each driver may 

come from different farms. The 10% farms with the lowest feed conversion differ from the 

10% farms with the highest pig price. Therefore, the combination of benchmarks for different 

drivers will not correspond to an existing farm, which makes the benchmark combination 

unachievable and irrelevant. This is particularly true when there is an association between 

different drivers. A lower feed conversion, for example, may imply a higher mortality rate 

and vice versa, which makes it impossible to achieve simultaneously the assessed benchmarks 

for feed conversion and mortality. 

 

Table 3.3 compares performances between the 10% farms with the highest eco-efficiency 

(KPI type 2) and the 10% farms with an eco-efficiency score closest to the average value for 

eco-efficiency in the sample. Statistically significant differences are found for eco-efficiency, 

this is mainly due to differences in labour income. From the underlying drivers only feed 

conversion, mortality rate and pig price differ significantly. Nitrogen excretion, average daily 

weight gain, delivery weight, finishing duration and input prices show no statistically 

significant differences between both groups of farms.  

 

10% average scores 10% best scores

Feed conversion (kg feed/kg live weight gain) 3.14 2.83***

Average daily weight gain (kg/day) 0.593 0.689***

Mortality rate (%) 4.32 1.65***

Pig price (euro/kg) 1.13 1.20***

Feed price (euro/kg) 0.189 0.167***

Rotation price (euro/rotation) 40.3 34.1***

***P < 0.001
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Table 3.3. Comparison of performances between farms with average and highest eco-

efficiency scores 

 

 

The fact that some of the underlying drivers of eco-efficiency show no statistically significant 

differences is due to the relatively high variance within groups compared to the variance 

between groups. Although some farms have a similar eco-efficiency, some underlying drivers 

may differ substantially. For example, the group of the 10% most eco-efficient farms contains 

a farm with a high average daily weight gain (0.718 kg per day) and a less-than-average pig 

price (1.11 euro per kg live weight) as well as a farm with a low average daily weight gain 

(0.533 kg per day) and a high pig price (1.18 euro per kg live weight). These high variances 

raise questions about using average driver values of the 10% farms with the highest eco-

efficiency as benchmarks for underlying drivers of eco-efficiency. 

 

There is another disadvantage of using farms with the highest eco-efficiency as benchmarks. 

For multiple farms, a movement towards the eco-efficiency benchmark implies not only a 

higher labour income but also a higher nitrogen excretion. As Huppes and Ishikawa (2005a) 

point out, such a benchmark may involve an economic-environmental trade-off that would be 

highly destructive to the environment if applied in general, because environmental burdens 

may become higher. This is the well-known rebound effect. 

 

10% farms with 

average eco-

efficiency

10% farms with 

highest eco-

efficiency

Eco-efficiency (euro/kg) 3.46 7.45***

Labour income (euro/APF.year) 38.1 77.7***

Nitrogen excetion (kg/APF.year) 11.0 10.4

Feed conversion (kg feed/kg live weight gain) 3.13 2.94**

Average daily weight gain (kg/day) 0.603 0.613

Mortality rate (%) 4.81 3.09**

Delivery weight (kg live weight) 109 107

Finishing period (days) 146 140

Pig price (euro/kg) 1.11 1.16**

Feed price (euro/kg) 0.188 0.183

Rotation price (euro/rotation) 40.4 37.7

**P < 0.01, ***P < 0.001

APF: average present finisher
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The two cases above illustrate the difficulties to detect relevant benchmarks based on key 

performance indicators. This makes it difficult to identify farm-specific options that improve 

simultaneously economic and environmental performances. 

 

3.3.2. Using frontier methods and efficiency scores  

Table 3.4 shows the efficiency scores obtained with the DEA model, which is either applied 

under the assumptions of constant (CRS) or variable returns to scale (VRS). Results obtained 

under both assumptions hardly differ: the returns-to-scale assumption hardly affects the 

technical efficiency score, indicating a high scale efficiency. The average efficiency scores 

are relatively high, which is caused by the homogeneity of practices in the data sample
3
. 

 

Table 3.4. Efficiency scores for the sample of 117 Flemish pig-finishing farms during 2001-

2003 

 

 

Frontier methods and efficiency scores show farm-specific economic and environmental 

improvement paths and margins from a different angle. They yield explicit diagnostics on the 

farm-specific input-output transformation by comparing it to the frontier. This allows for 

distinguishing explicit improvement paths. Figure 3.1 illustrates this, showing the data sample 

and the frontier obtained with Data Envelopment Analysis (DEA) under the constant returns 

to scale assumption (CRS). Improvement paths are indicated for the average farm. 

 

                                                
3 Since the number of cases in our sample is rather limited, the bootstrapping method proposed by Simar and 

Wilson (1998) would increase robustness of the efficiency scores. However, bootstrapping is not applied in this 

paper since we are less interested in efficiency scores as such. Instead, our aim is to evaluate the potential of 

DEA for detecting economic-environmental improvement paths. 

Technical (CRS) 0.943 0.033 0.862 1.000 0.945

Cost (CRS) 0.932 0.036 0.831 1.000 0.934

Environmental (CRS) 0.894 0.050 0.755 1.000 0.893

Cost allocative (CRS) 0.989 0.013 0.924 1.000 0.992

Environmental allocative (CRS) 0.948 0.035 0.839 1.000 0.954

Technical (VRS) 0.946 0.034 0.863 1.000 0.947

Cost (VRS) 0.935 0.037 0.832 1.000 0.938

Environmental (VRS) 0.904 0.053 0.755 1.000 0.901

Cost allocative (VRS) 0.989 0.013 0.919 1.000 0.992

Environmental allocative (VRS) 0.955 0.035 0.835 1.000 0.958

CRS: constant returns to scale; VRS: variable returns to scale

Maximum MedianEfficiency type Average
Standard 

deviation
Minimum
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Figure 3.1. Improvement paths for the average farm in the data sample of 117 pig-finishing 

farms 

 

We distinguish five types of improvement paths: (1) increasing technical efficiency, (2) 

substituting feed by rotations up to the cost allocative efficient input mix, (3) substituting feed 

by rotations up to the environmental allocative efficient input mix, (4) increasing technical 

efficiency and substituting feed by rotations up to the cost efficient input mix and (5) 

increasing technical efficiency and substituting feed by rotations up to the environmental 

efficient input mix. 

 

Improvement path 1 represents an input-oriented technical efficiency improvement. An 

improvement in mere technical efficiency results in a simultaneous increase of cost and 

environmental efficiencies. This is because both efficiencies are calculated by multiplying 

technical with allocative efficiencies. This means that all technical inefficient farms can 

improve both cost and environmental efficiencies through producing the same amount of 

output with the same proportion but less of both inputs. The average technical efficiency 

score in our sample of 0.943 implies an improvement margin of 5.7%. This comes down to a 

decrease of total variable costs with 22 euro per average present finisher (APF) per year or an 

increase of labour income with 55%. Nitrogen excretion decreases by more than 1 kg per APF 

per year.  
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Improvement path 2 shows that the average farm can achieve an economic-environmental 

win-win situation through simultaneously improving cost allocative and environmental 

allocative efficiencies by substituting feed for rotations. The average cost allocative efficiency 

score of 0.989 implies an improvement margin of 1.1%. This comes down to a decrease of 

total variable costs by 11 euro per APF per year, which results in an increase of labour income 

by 30%. Nitrogen excretion decreases by 0.85 kg per APF per year.  

 

When the average farm follows improvement path 3 and further substitutes feed by rotations, 

cost allocative efficiency decreases while environmental allocative efficiency increases. 

Improvement path 4 is a combination of paths 1 and 2 and implies an increase of technical, 

cost allocative and environmental allocative efficiencies. Improvement path 5 is a 

combination of paths 1, 2 and 3. The most substantial economic-environmental win-win is 

achieved through following path 4. It implies a decrease of total variable costs by 24 euro per 

APF per year and an increase of labour income by 63%. Nitrogen excretion decreases by 1.80 

kg per APF per year. 

 

The benchmark for technical efficiency is the target on the frontier. A target is a linear 

combination of peer farms that define the relevant part of the frontier for the considered farm 

(Coelli et al., 2005). Technical efficiency measurement allows for comparing farm-specific 

information on input-output transformation with a relevant benchmark. Moreover, 

information on input-output transformation is considered to be separate from price 

information.  

 

Price information and nitrogen content information come to play when allocative efficient 

input combinations are assessed. The piece-wise frontier allows for detecting farm-specific 

benchmarks that correspond to cost-minimizing or nitrogen excretion minimizing 

combinations of inputs, given respectively price levels and nitrogen contents of inputs. Based 

on key performance indicators, the cost-minimizing input combination cannot be assessed, 

since the curve of the production function is not known. Since the piece-wise DEA frontier 

links technical efficient farms, cost and environmental efficient points correspond to real 

existing farms of the data sample. This makes the method sensitive to outliers. In our case, 

this is probably a minor problem because Flemish pig finishing is a highly conditioned 

production process and we have removed the outliers. 
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Not all farms can achieve economic-environmental win-wins through substituting inputs. For 

some farms, becoming cost allocative efficient requires using more feed and fewer rotations, 

while becoming environmental allocative efficient requires substituting feed by rotations. 

Figure 3.2 illustrates this by plotting cost allocative and environmental allocative efficiency 

scores (obtained under the assumption of CRS) for the sample of 117 pig-finishing farms. It is 

shown that the relation between allocative efficiency scores is „V‟ shaped, as initially 

discussed by Lauwers (2009). Farms situated in the lower wing of the „V‟ can simultaneously 

improve cost and environmental efficiency by changing their input mix. Farms situated in the 

upper wing cannot exploit win-win possibilities through re-allocating inputs, since an increase 

of cost allocative efficiency corresponds to a decrease of environmental allocative efficiency 

and vice-versa. The „V‟-shape shows that traditional linear correlation and linear regression 

analysis of allocative efficiency scores may be misleading. 

 

 

Figure 3.2. „V‟ shaped relationship between economic and environmental allocative 

efficiency 

 

Frontier methods allow for detecting farm-specific improvement margins related to input-

output transformation and price proportions. Improvement margins for absolute price levels 

cannot be detected. Two farms with similar efficiency scores may have economic 

performances that differ because absolute price levels differ. When identifying improvement 

margins for absolute prices, additional benchmarks need to be assessed. Suitable benchmarks 

for prices depend on the level of association between prices and input-output transformation. 
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When there is no association, the 10% best prices of the sample can be used as benchmarks. 

However, a more efficient transformation of inputs into outputs may only be possible if more 

expensive inputs are used. In that case, the prices from fully technical efficient farms can be 

used as relevant benchmarks. 

 

3.3.3. Combining KPIs and frontier methods 

In the following analysis, DEA is used to identify the frontier, efficiency benchmarks and 

improvement paths for the average farm under the constant returns to scale (CRS) assumption 

(see also Figure 3.1), while KPIs are used to describe the assessed improvement paths. We 

compare the KPIs of the 10% farms from the sample that are situated closest to the average 

farm (group 1 in Figure 3.3) with the key performance indicators of the 10% farms closest to 

the average farm benchmarks for technical (group 2), cost allocative (group 3) and cost 

efficiency (group 4), respectively. Technical, cost allocative and cost efficiency improvements 

are considered because the frontier analysis in section 3.3.2 revealed that these improvements 

imply an economic-environmental win-win for the average farm. 

 

 

Figure 3.3. Using DEA to identify groups of farms for comparison of key performance 

indicators 

 

Optimizing technical efficiency (improvement path 1 in Figure 3.1) requires a significant 

improvement of feed conversion and a significantly higher delivery weight (Table 3.5). 
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Improving feed conversion means that less feed is used per kg live weight gain and thus also 

less feed per unit of final output. Since average daily weight gain does not increase 

significantly, a longer finishing period is needed to attain the higher delivery weight. 

 

Optimizing cost allocative efficiency (improvement path 2) requires a significantly lower feed 

conversion. This causes the input mix to shift to relatively more rotations, since the finishing 

period and number of rotations do not change. Also average daily weight gain and mortality 

rate hardly change. Delivery weight diminishes, but only significantly at the 10% level. 

 

Minimizing costs (improvement path 4) also requires a significantly better feed conversion. 

Average daily weight gain improves, but only significantly at the 10% level. The higher 

average daily weight gain causes a similar delivery weight to be reached within a shorter 

finishing period. Together with the better feed conversion, the shorter finishing period causes 

the input mix to shift to relatively more rotations. Mortality rate also improves, but not 

significantly. 

 

Table 3.5. Comparison of key performance indicators between the 10% average farms and the 

10% farms situated closest to the benchmarks for technical, cost allocative and cost 

efficiencies 

 

 

Using DEA in combination with KPIs yields some straightforward results (e.g. the importance 

of feed conversion) and confirms the mere KPI analysis (see Table 3.3). Nevertheless, some 

additional and farm-specific diagnostics can be derived. Optimizing technical efficiency 

requires a higher delivery weight, while a lower delivery weight is needed to become cost 

allocative efficient. Becoming cost efficient yields the most substantial economic-

environmental win-win (see section 3.3.2) but does not require a change of delivery weight. It 

Zootechnical feature

Feed conversion (kg feed/kg live 

weight gain)
3.17 2.95*** 2.99*** 2.92***

Average daily weight gain (kg/day) 0.609 0.626 0.602 0.645

Mortality rate (%) 4.34 3.38 4.48 3.15

Delivery weight (kg live weight) 109 112** 107 110

Finishing period (days) 142 146 142 136

**P < 0.01, ***P < 0.001

10% 

average 

farms

10% farms closest 

to technical efficient 

benchmark

10% farms closest to 

cost allocative 

efficient benchmark

10% farms closest 

to cost efficient 

benchmark
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is useless to, first, improve merely technical efficiency and increase delivery weight and 

second, improve merely cost allocative efficiency and decrease delivery weight again. This 

illustrates the usefulness of using frontier methods to assess a priori relevant improvement 

paths. 

 

Additional diagnostics on the choice of delivery weight can be made with frontier methods. 

Both under average (group 1 in Figure 3.3) circumstances and fully technical efficient (group 

2) circumstances, becoming cost allocative efficient requires a lower delivery weight. Cost 

allocative efficient farms (group 3) are found to have a significantly lower delivery weight (p 

< 0.001) compared to fully cost efficient farms (group 4). Farms with the lowest technical 

efficiency in the sample require on average a delivery weight of 103 kg to become cost 

allocative efficient. Consequently, farms with a higher technical efficiency require a higher 

delivery weight to minimize costs.  

 

Frontier methods do not allow for setting benchmarks for absolute input and output prices. As 

discussed in section 3.3.2, the choice of benchmarks for absolute prices depends on the level 

of association between prices and input-output transformation. In this study, prices are not 

associated with efficiency scores. Consequently, the 10% best prices in the data sample of 117 

pig-finishing farms can be used as price benchmarks. Table 3.6 shows statistical significant 

differences between the input and output prices of the 10% average farms (group 1 in Figure 

3.3) and the 10% best prices in the sample. 

 

Table 3.6. Comparison of prices of the 10% average farms with the 10% best prices in the 

sample of 117 pig-finishing farms 

 

 

3.4. Conclusions and discussion 

This paper compares the potential of traditional key performance indicators (KPIs) and 

production theory based frontier methods to identify relevant benchmarks for pig-finishing 

farms to simultaneously improve economic and environmental performances. Both methods 

10% average farms 10% best prices

Pig price (euro/kg live weight) 1.13 1.20***

Feed price (euro/kg) 0.190 0.167***

Rotation price (euro/rotation) 41.3 34.1***

***P < 0.001
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indicate that, to some extent, simultaneous improvements of economic and environmental 

performances can be reached. 

 

Only environmentally adjusted frontier methods provide additional diagnostics on the 

concrete farm-specific direction to follow to improve economic and/or environmental 

performance. Such additional diagnostics are hard to obtain with traditional key performance 

indicators, due to the difficulty of finding relevant benchmarks. Frontier methods have the 

following strengths: first, overall efficiency is decomposable. The physical production 

analysis is separated from price and nutrient content information, as technical efficiency is 

distinguished from allocative efficiencies. Second, relevant farm-specific benchmarks for 

technical, cost (allocative) and environmental (allocative) efficiencies are identified. The 

frontier allows for identifying benchmarks for allocative efficiencies. Third, relevant 

economic and environmental improvement paths are identified. 

 

The use of frontier methods to identify benchmarks also has some practical disadvantages. 

First, farmers are not familiar with efficiency scores. Efficiency scores as such do not provide 

sufficient starting points to steer farmers towards changes, since information on the actual 

decision variables is not given. Second, efficiency scores may be misleading since small 

improving margins for efficiency scores may correspond to very significant improvement 

margins for final economic and environmental performances. Third, frontier methods do not 

take into account improvement margins for absolute input and output prices. 

 

Our paper shows that the disadvantages of frontier methods can be overcome by combining 

the use of frontier methods and traditional key performance indicators. To take advantage of 

both methods, reasonable benchmarks and improvement paths can be assessed with frontier 

methods, while the decision variable to steer farmers towards changes can be described in 

terms of traditional key performance indicators.  

 

The case of pig finishing illustrates that the economic-environmental win-win margins are 

very substantial. The average farm in the sample can increase labour income by 63% and 

decrease nitrogen excretion by 1.8 kg per average present finisher per year through improving 

cost efficiency by 6.5%. A better feed conversion not only improves technical efficiency, as 

expected, but also cost allocative and environmental allocative efficiencies. Additional 
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improvements of economic performance can be obtained through getting higher output prices 

and paying lower input prices. 

 

How can these new insights be used for practical decision support for pig finishing? First, 

frontier methods may be incorporated into existing accounting software. They are relatively 

easy to perform and the (internet-available) software helps to produce comprehensible 

efficiency scores, without having to recourse to the mathematical formulas behind the scores. 

Moreover, the basic data necessary for the calculation of efficiency scores are similar to the 

data needed for calculating traditional key performance indicators and are recorded in most 

current accountancy systems. An accounting office also has access to a large number of 

customers, so sufficient data are available. The use of extended accounting software would 

require some interpretation training for extension officers, but this may not be a major 

obstacle.  

 

Second, operational, tactical and strategic decisions may be facilitated by the assessed 

improvement paths and improvable key performance indicators. Operational decisions 

address the choice of delivery weight. The more technical efficient a farm is, the higher the 

delivery weight must be in order to minimize costs. Tactically, the improvement of finishing 

conditions may lead to an overall improvement of zootechnical performance. Strategically, 

results suggest that further genetic improvement may focus on a better feed conversion, a 

better carcass quality, resulting in a higher output price, and (less dominant) improved 

growth. Since this paper concentrates on operational inputs, strategic decisions with respect to 

structural change in the labour-capital input are not considered.  

 

It should be noted that the results of this pig-finishing case may not necessarily transfer to 

other countries. Technological progress in Flanders mainly focuses on breeding towards better 

feed conversion, linked with increased growth and better carcass quality at higher delivery 

weight. Since technological progress may be different in other countries, results may also 

differ between countries. However, the methodology developed and applied in this paper can 

also be used to asses links between technological progress and optimisation in other countries. 

 

Our overall conclusions are that the combined use of frontier methods and key performance 

indicators (1) provides a better diagnosis of farm-specific improvement margins for economic 

performance, environmental performance and their underlying drivers and (2) facilitates easy 
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communication of results so that farmers can adapt their decisions and farm management 

appropriately. This is an interesting avenue to enrich traditional accounting and management 

information and to provide both farmers, extension services and policy makers with new 

insights. 
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Chapter 4 

Comparing frontier methods for economic-

environmental trade-off analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contribution to thesis: 

As frontier analysis provides an improved diagnosis of economic and environmental 

performances, benchmarks and improvement paths (see chapter 3), the question is whether the 

type of frontier method that is used influences the obtained trade-offs. This paper compares the 

ability of conventional parametric (Stochastic Frontier Analysis, SFA) and nonparametric 

(Data Envelopment Analysis, DEA) frontier methods for analyzing economic-environmental 

trade-offs. SFA and DEA use different functional forms for the production function. 

 

  

 

This chapter has been published as: 

Van Meensel, J., Lauwers, L., Van Huylenbroeck, G., Van Passel, S., 2010. Comparing 

frontier methods for economic-environmental trade-off analysis. European Journal of 

Operational Research 207 (2), 1027-1040. 
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Paper abstract 

 

This paper uses a mechanistic frontier approach as a reference to evaluate the ability of 

conventional parametric (SFA) and nonparametric (DEA) frontier approaches for analyzing 

economic-environmental trade-offs. Conventional frontier approaches are environmentally 

adjusted through incorporating the materials balance principle. The analysis is worked out for 

the Flemish pig finishing case, which is both representative and didactic. Results show that, 

on average, SFA and DEA yield adequate economic-environmental trade-offs. Both methods 

are good estimators for technical efficiency. Cost allocative and environmental allocative 

efficiency scores are less robust, due to the well-known methodological advantages and 

disadvantages of SFA and DEA. For particular firms, SFA, DEA and the mechanistic 

approach may yield different economic-environmental trade-offs. One has therefore to be 

careful when using conventional frontier approaches for firm-specific decision support. The 

mechanistic approach allows for optimizing performances per average present finisher, which 

is the production unit in pig finishing. Conventional frontier methods do not allow for this 

optimization since the number of average present finishers varies along the production 

functions. Since the mechanistic production function is based on underlying growth, feed 

uptake and mortality functions, additional firm-specific indicators can also be calculated at 

each point of the production function. 

 

 

Keywords: trade-off analysis, frontier methods, production function, materials balance, pig 

finishing 
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Chapter 4 

Comparing frontier methods for economic-environmental trade-

off analysis 

 

4.1. Introduction 

The rationale for taking into account environmental issues in production analysis exists 

already for some decades. Various types of integrated economic-environmental performance 

measurement combine the assessment of environmental burden and economic utility. Three 

main types of modeling can be distinguished: eco-efficiency ratio indicator measurements 

(e.g. Dahlström and Ekins, 2005; Hellweg et al., 2005; Scholz and Wiek, 2005), 

environmentally adjusted productive efficiency models (see reviews by Tyteca, 1996; Scheel, 

2001) and frontier eco-efficiency models (Huppes and Ishikawa, 2005; Kuosmanen and 

Kortelainen, 2005; Quariguasi et al., 2008; Quariguasi et al., 2009). The last two types imply 

frontier analysis methods (see reviews by Greene, 1993; Charnes et al., 1995; Cooper et al., 

2000; Kumbhakar and Lovell, 2003; Ray, 2004; Coelli et al., 2005). Their ability to account 

for environmental issues is discussed by Lauwers (2009). 

 

Although these methods are based on activity analysis, the question rises whether they 

sufficiently allow for economic-environmental trade-off analysis, in particular for planning 

purposes. Taking the right decisions is not straightforward, since multiple factors may 

influence economic and/or environmental performance. A clear view on firm-specific trade-

offs between economic and environmental performance is nevertheless indispensable for good 

decision making. 

 

Typically, trade-offs between economic and environmental performance are presented by a 

marginal abatement cost curve. Conventional theory bases the marginal abatement cost curve 

on two assumptions: (1) firms are producing fully efficiently and (2) production and pollution 

abatement are separable. Pollution is then considered as a fixed proportion of a firm‟s output. 

This strict joint production relation (Whitcomb, 1972) implies weak disposability for 

pollution. Weak disposability means that a firm can only control its pollution by reducing 
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outputs and pollution proportionally (Shephard, 1970) or by investing in pollution control 

equipment. A decrease of only pollution is then always costly and leads to a negative 

economic-environmental trade-off.  

 

Numerous authors e.g. Archibald, 1988; Hill et al., 1999; Rennings, 2000; Wossink et al., 

2001) argue that production, pollution and abatement are to be treated as non-separable. This 

means that pollution control can also be achieved by changes in production practices. In 

addition, the renewed theoretical paradigm states that production is not always efficient: using 

inputs more efficiently may lead to the achievement of both economic and environmental 

objectives simultaneously. Picazo-Tadeo and Prior (2009) show that, under the assumption of 

weak disposability of pollution, inefficient firms may improve efficiency, leading to a better 

economic performance without affecting environmental performance. De Koeijer et al. (1999, 

2002) even show that using inputs more efficiently may improve simultaneously economic 

and environmental performance. In order to achieve this economic-environmental win-win, 

the weak disposability assumption for pollution has to be relaxed: environmental 

improvement does not always imply private costs. If economic and environmental 

performances improve simultaneously, a positive trade-off is established. 

 

The objective of this paper is to evaluate the ability of parametric (Stochastic Frontier 

Analysis, SFA) and nonparametric (Data Envelopment Analysis, DEA) frontier approaches 

for analyzing positive and negative economic-environmental trade-offs and enabling decision 

support. The analysis is worked out for the Flemish pig finishing case, which is representative 

for industries facing environmental problems and which is also interesting from a didactic 

perspective. Moreover, the pig finishing case allows for reconstructing a reference production 

function in a mechanistic way. The mechanistic approach starts from empirical agronomic 

knowledge and combines growth, feed uptake and mortality functions. The mechanistic 

approach yields extra information for evaluating the ability of SFA and DEA for analyzing 

trade-offs.  

 

The environmental effect that is focussed on is nitrogen pollution. Based on the materials 

balance principle, nitrogen excretion from pig finishing is calculated as the amount of 

nitrogen entering the pig finishing activity in inputs minus the amount leaving the activity 

under the form of useful output. 
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Section 4.2 describes the pig finishing case. Section 4.3 presents the environmentally adjusted 

SFA and DEA approaches that allow for measuring technical, cost and environmental 

efficiencies. Section 4.3 also provides a short summary of literature comparing efficiency 

scores obtained with parametric and nonparametric approaches. The mechanistic approach is 

presented in section 4.4. In section 4.5, the distinguished approaches are applied to the data 

sample of pig finishing farms and the assessed economic-environmental trade-offs are 

analyzed. Finally, section 4.6 concludes. 

 

4.2. The pig finishing case 

Pig finishing in Flanders is a representative case for industries that aim at remaining cost 

competitive and profitable under the sharpened limiting condition of producing in an 

environmentally sound manner. It is also an interesting case because the essential 

transformation of inputs into outputs can be easily brought down to a „two-input-one-good-

output‟ framework, which enables didactic representations. The good output is pig 

production, expressed here as kg live weight. The two main inputs are feed and piglets. As the 

finishing activity takes about 140 days, more than one piglet per year can be started up to get 

finished as a marketable pig. Besides piglet costs, also other costs are linked to this starting-

up process, so it is more convenient to see rotations (= number of start-ups per year on one 

pig place) as an input factor instead of the mere piglet input. 

 

The pig place is the technical production unit. In practice, however, a real occupied pig place 

is more useful as technical production unit. The real occupied pig place can be made 

operational through the concept of average present finisher (APF), which is a pig place 

corrected for the actual occupation. The number of APFs is easily monitored in most current 

accounting systems, through regular counting (e.g. every week) or through individual age 

registration.  

 

The data-driven as well as the mechanistic production functions are estimated with cross-

sectional data from 117 pig finishing farms from the Belgian Farm Accountancy Data 

Network (FADN). Data for three consecutive years are pooled to reduce possible 

measurement errors, in particular due to substantial stock changes. The time period covers 

2001 to 2003. Special attention is paid to the robustness of the data sample. The final sample 

of 117 farms stems from an initial sample of 126 pig-finishing farms, from which 9 outliers 
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have been removed. The final sample does not contain farms with outlying values for the 

main technical key figures, inferior scale and substantial structural changes during the time 

period 2001-2003. The FADN data sample provides all necessary input and output data, other 

key figures and price information. Nitrogen content data are average values from literature.  

 

Table 4.1 presents descriptive statistics for the sample of 117 farms. Under Belgian 

production conditions and for the examined time period 2001-2003, pig finishing starts with a 

10 week old piglet and ends with a marketable pig of about 109 kg. The process can be 

repeated about 2.5 times a year on one pig place. Finishing pigs gain about 0.6 kg a day and 

use approximately 3 kg of feed per kg weight gain. On average 4.3% of the piglets that start 

the finishing process die. The average feed price is 0.189 euro per kg feed and one rotation 

costs about 40 euro. Pig finishers receive on average 1.13 euro for each kg live weight sold. 

Expressed per APF per year, output is on average 268 kg live weight, requiring 660 kg of feed 

and 2.55 rotations. The average pig finishing scale is about 750 APFs.   

 

Table 4.1. Descriptive statistics for the sample of 117 pig finishing farms 

 

 

4.3. Environmentally adjusted conventional frontier approaches 

In a majority of studies, conventional frontier methods are environmentally adjusted through 

incorporating an extra pollution variable into the production model, either as another input or 

as a weakly disposable bad output (see above-cited reviews by Tyteca, 1996; Scheel, 2001; 

Lauwers, 2009). A detailed discussion about the treatment of these variables as inputs or as 

Live weight production (kg/APF.year) 268 24 210 330 265

Feed input (kg/APF.year) 660 47 560 779 660

Number of rotations (#/APF.year) 2.55 0.23 2.01 3.09 2.55

Pig finishing scale (APF) 758 417 86 2024 660

Delivery weight (kg live weight) 109 4 99 118 109

Finishing period (days) 147 14 120 186 146

Average daily weight gain (kg/day) 0.593 0.050 0.471 0.743 0.590

Feed conversion (kg feed/kg weight gain) 3.06 0.18 2.69 3.60 3.04

Mortality rate (%) 4.30 1.80 0.91 8.88 4.05

Feed price (euro/kg) 0.189 0.012 0.145 0.246 0.188

Rotation price (euro/rotation) 40.3 4.3 30.1 51.6 39.7

Pig price (euro/kg live weight) 1.13 0.04 0.94 1.24 1.13

APF: average present finisher

Key figure Average
Standard 

deviation
Minimum Maximum Median
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undesired outputs falls beyond the scope of this paper. However, with respect to our trade-off 

analysis objective, pollution has not always to be seen as weakly disposable. Moreover, a 

number of authors (e.g. Pethig, 2006; Coelli et al., 2007; Ebert and Welsch, 2007; Lauwers, 

2009) argue that some of these commonly used environmentally adjusted efficiency models 

are inconsistent with the materials balance condition. As Lauwers (2009) points out, this 

finding concerns production efficiency models and does not necessarily apply to a more 

generalized production economics and to conclusions based on least squares econometric 

estimations. Pethig (2006) presents a more comprehensive production-cum-abatement 

technology, where emissions are modeled as inputs and remain in line with the materials 

balance principle. Ebert and Welsch (2007) show that whenever the materials balance is 

accounted for to steer production function estimation, representations of emission as a joint 

output or an input, or by an emission function are equivalent. 

 

A few authors (Reinhard and Thijssen, 2000; Coelli et al., 2007) incorporate the materials 

balance concept for pollution into efficiency measurement. In a similar manner to the 

conventional cost efficiency decomposition, as described by Farrell (1957), Coelli et al. 

(2007) define an environmental efficiency measure that can be decomposed into technical and 

allocative components. An increase of technical efficiency then contributes to a simultaneous 

improvement of both cost and environmental efficiencies. Coelli et al. (2007) illustrate their 

approach for the case of nutrient pollution from Flemish pig finishing, using prices and 

nutrient content information to measure respectively cost and environmental efficiencies. 

Instead of using nutrient contents, Reinhard and Thijssen (2000) use a shadow cost system 

approach to measure nitrogen efficiency of Dutch dairy farms. Since the specific aim of our 

paper is to exploit the analogy between price and nitrogen content information to arrive at 

economic-environmental trade-off analysis, we start from the Coelli et al. (2007) approach to 

assess farm-specific economic-environmental trade-offs. 

 

Section 4.3.1 recalls the approach by Coelli et al. (2007), which is worked out for the 

nonparametric methodology. In section 4.3.2, the approach by Coelli et al. (2007) is extended 

to fit with the parametric methodology. Section 4.3.3 gives a short literature overview of 

comparisons of efficiency scores obtained with parametric and nonparametric approaches. 
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4.3.1. Nonparametric approach 

Data Envelopment Analysis (DEA) involves linear programming (LP) methods to construct a 

nonparametric piece-wise frontier over the data. Efficiency measures are then calculated 

relative to this frontier (Coelli et al., 2005). An input-oriented model that assumes constant 

returns to scale (CRS) is proposed by Charnes et al. (1978). Subsequent papers consider 

alternative sets of assumptions, such as Banker et al. (1984), in which a variable returns to 

scale (VRS) model is proposed. Comprehensive reviews on the DEA methodology can be 

found in Charnes et al. (1995), Cooper et al. (2000) and Ray (2004). For our research 

purposes, both CRS and VRS models are used. 

 

Our LP based input-oriented efficiency model considers pig production (kg live weight) as 

output and feed use (kg) and the number of rotations as inputs. The model is similar to the one 

used by Coelli et al. (2007). The LP problem must be solved 117 times, once for each farm in 

the sample. The efficiency model yields farm-specific technical efficiency scores that are 

situated between 0 and 1, with a value of 1 indicating a point on the frontier and hence a 

technically efficient farm. The technical efficiency measure for the i
th

 farm is obtained by 

solving the following linear program: 
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with: θ: technical efficiency score for the i
th

 farm 

 yi: pig production (kg live weight) 

 x1,i: feed use (kg) 

 x2,i: number of rotations 

 λ = (λ1, λ2,..., λ117)‟: vector of constants  

 i: farm index 
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Also similar as in Coelli et al. (2007), cost and environmental efficiency scores are obtained 

by solving two additional linear programs for each farm in the sample. For the i
th

 farm, the 

following linear programs are solved: 

 

c

ii

c

iixi
xwxwc ,2,2,1,1,

min 


   e

ii

e

iixi
xncxnce ,2,2,1,1,

min 


 

   st. 

0

1...

0)...(

0)...(

0)...(

1171

117117,211,2,2

117117,111,1,1

11711711





















xxx

xxx

yyy

c

i

c

i

i

   st.  

0

1...

0)...(

0)...(

0)...(

1171

117117,211,2,2

117117,111,1,1

11711711





















xxx

xxx

yyy

e

i

e

i

i

 (4.2) 

 

with: w1,i: feed price (euro/kg)         nc1,i: feed nitrogen content (kg N/kg feed) 

w2,i: rotation price (euro/rotation)            nc1,i: rotation nitrogen content (kg N/rotation) 

c

ix ,1 : cost efficient feed use                      
e

ix ,1 : environmental efficient feed use 

 
c

ix ,2 : cost efficient rotation number          
e

ix ,2 : environmental efficient rotation number    

 

Cost (CEi) and environmental (EEi) efficiencies are calculated as: 
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  (4.3) 

 

Cost allocative (CAEi) and environmental allocative (EAEi) efficiencies are calculated 

residually as: 

 

i

i
i

TE

CE
CAE        

i

i
i

TE

EE
EAE      (4.4) 

 

4.3.2. Parametric approach 

Stochastic Frontier Analysis (SFA) was originally and independently described by Aigner et 

al. (1977) and Meeusen and van den Broeck (1977), and fits a parametric production frontier 

to given data, specifying a two-part error term that accounts for both random error and the 
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degree of technical inefficiency. Our approach estimates a Cobb-Douglas production function, 

using the same data that are used for the nonparametric approach.  

 

ii uvb

i

a

ii eexxAy


 *** ,2,1          (4.5) 

 

with: yi: pig production (kg live weight) 

 x1,i: feed use (kg) 

 x2,i: number of rotations  

vi: random error 

 ui: technical inefficiency 

 A, a, b: parameters 

 i: farm index 

 

Random errors (vis) are independent and identically distributed (i.i.d.) normal random 

variables with mean zero and constant variance, independent from the uis, which are assumed 

to be i.i.d. non-negative half-normal random variables.  

 

In order to derive the cost function implied by the estimated production function, we use the 

same methodology as applied by numerous authors (e.g. Bravo-Ureta and Rieger, 1991; 

Sharma et al., 1999). Because of the self-duality characteristic of the Cobb-Douglas function, 

the cost function can be explicitly derived when input prices are known.  

 

For our research purposes, we extend this procedure to derive in a similar manner an 

environmental function (using nitrogen contents instead of input prices). The environmental 

function represents minimum incoming nitrogen in inputs as a function of output and nitrogen 

contents of inputs. The cost and environmental function are presented below, using vector 

notations. 
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with: Ci: minimum costs (euro)      NIi: minimum incoming nitrogen in inputs (kg) 

 Wi: input prices       NCi: nitrogen content 
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 α: parameters 

  

The technical efficient input vector ( t

iX ) can be calculated by simultaneously solving 
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with: ki: farm-specific constant representing the ratio of inputs   

 

The cost and environmental efficient input vectors ( c

iX  and e

iX ) are derived by applying 

Shephard‟s Lemma (Coelli et al., 2005) to respectively the cost and environmental function, 

which is the first partial derivative with respect to each of the input prices and nitrogen 

contents. 

 

Given the technical, cost and environmental efficient input vectors, technical (TE i), cost (CEi) 

and environmental efficiencies (EEi) can be calculated. Cost efficiency for the i
th

 farm is the 

ratio of minimum cost to observed cost. Environmental efficiency equals the ratio of 

minimum nitrogen uptake to observed nitrogen uptake. Dividing cost and technical efficiency 

yields cost allocative efficiency (CAEi). In a similar way, environmental allocative efficiency 

(EAEi) is calculated by dividing environmental and technical efficiency.  

 

ii

t

ii
i

XW

XW
TE

*

*
    

ii

c

ii
i

XW

XW
CE

*

*
  → 

t

ii

c

ii

i

i
i

XW

XW

TE

CE
CAE

*

*
  

            (4.8) 

ii

t

ii
i

XNC

XNC
TE

*

*
    

ii

e

ii
i

XNC

XNC
EE

*

*
  → 

t

ii

e

ii

i

i
i

XNC

XNC

TE

EE
EAE

*

*
  

 

Using this methodology, it is possible to measure for each farm its cost and environmental 

efficiency, and, complying at the same time with the materials balance.  
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4.3.3. Efficiency comparisons in literature 

To our knowledge, the ability of SFA and DEA to analyze economic-environmental trade-offs 

has never been compared in literature. Nevertheless, also other studies use a single data set to 

evaluate efficiency scores obtained with SFA and DEA. Sharma et al. (1999) use data on 

Hawaiian swine production to compare technical, cost allocative and cost efficiencies.  They 

find the returns to scale assumption to be critical for explaining the differences between 

efficiency scores derived from the two approaches. Mean technical and cost efficiencies 

obtained with SFA are higher than those from DEA for CRS models but quite similar for VRS 

models. Cost allocative efficiencies are generally higher with DEA. All rank correlations are 

positive and highly significant, with strong correlations for technical efficiencies and the 

lowest correlation for cost allocative efficiency under VRS. Analyzing cost efficiency in 

banking, Ferrier and Lovell (1990) find similar average cost efficiencies, but higher technical 

and lower cost allocative efficiencies for the parametric method compared to DEA. Moreover, 

they find rank correlations between the estimated efficiencies from the two approaches that 

are particularly weak.  

 

Other studies comparing efficiency scores obtained with SFA and DEA mainly focus on 

technical or cost efficiency, without comparing decomposed efficiency scores. Multiple 

authors find moderate to strong rank correlations between efficiency scores (e.g. Resti, 1997; 

Sharma et al., 1997; Coelli and Perelman, 1999; Wadud and White, 2000; Murillo-Zamorano 

and Vega-Cervera, 2001; Irairoz et al., 2003; Lee, 2005; Cullilane et al., 2006). However, a 

smaller number of studies find only mediocre to poor correspondence in ranking efficiency 

scores (e.g. Ray and Mukherjee, 1995; Bauer et al., 1998; Chirikos and Sear, 2000; Weill, 

2004). There is also little consistency between different studies on the similarity of mean 

efficiency scores provided by SFA and DEA (Sharma et al., 1997; Mortimer, 2002; Weill, 

2004), ranging from similar mean efficiency scores obtained with SFA and DEA (e.g. Wadud 

and White, 2000; Irairoz et al., 2003) to substantially different mean efficiency scores (e.g. 

Bauer et al., 1998; Reinhard et al., 2000; Brümmer, 2001). Disagreements between empirical 

studies in comparing the two approaches can be mainly attributed to differences in the 

characteristics of the data analyzed, choice of input and output variables, measurement and 

specification errors and estimation procedures (Sharma et al., 1999; Mortimer, 2002). 
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4.4. Mechanistic approach for assessing economic-environmental trade-offs 

The lack of consistency between empirical studies comparing efficiency scores obtained with 

SFA and DEA argues for using a third method as a reference for evaluating results obtained 

with environmentally adjusted conventional frontier methods. The relative simplicity of the 

pig finishing case allows for reconstructing the production function in a more mechanistic 

way. Based on the mechanistically derived production function, economic-environmental 

trade-offs can also be assessed. Mechanistically derived trade-offs can then be used as a 

reference for evaluating the trade-offs obtained with conventional frontier methods. 

Conventional frontier methods are more data-driven and they ignore crucial features of the 

„true‟ production function behind the data. The mechanistic approach constructs farm-specific 

production functions, combining growth, feed uptake and mortality functions. These are 

published functions and specific for the pig finishing case. The different functions are 

calibrated for each farm, using farm-specific data.  

 

Marginal growth and marginal gross feed uptake functions are published by Giesen et al. 

(1988). For the i
th

 farm, these functions are: 
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with: marginal growthi,t: weight gain (kg/day) of a t days old finishing pig  

 ai: farm-specific parameter 

b, c: activity-specific parameters 

t: age (days) of the finishing pig with t=70 the start of the finishing period  

i: farm index 
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with: marginal gross feed uptakei,t: gross feed uptake (kg/day) of a t days old finishing pig 

 di: farm-specific parameter 

f, g: activity-specific parameters  

t: age (days) of the finishing pig with t=70 the start of the finishing period 
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 i: farm index 

 

Values for the activity-specific parameters, which are found to be more generic, are provided 

by Giesen et al. (1988). The farm-specific parameters ai and di must be determined for each 

farm separately by calibrating the marginal functions, using respectively total weight gain 

during the finishing period and feed uptake during the finishing period. The finishing period 

is assumed to start at the age of 70 days. Figure 4.1 shows the calibrated marginal growth and 

marginal gross feed uptake functions for the average farm in the dataset. 

 

  

Figure 4.1. Calibrated marginal growth and marginal gross feed uptake functions for the 

average farm 

 

Summing marginal growth and marginal gross feed uptake over the number of days since the 

start of the finishing period yields growth and gross feed uptake curves. A gross meat 

production function is derived by adding the starting weight of the 70 days old piglets to the 

growth curve. 

 


t

titi growthmarginalGrowth
70

,,                   (4.11) 


t

titi uptakefeedgrossmarginaluptakefeedGross
70

,,                (4.12) 

ititi pigletsweightstartinggrowthproductionmeatGross  ,,               (4.13) 

 

with: growthi,t: weight gain (kg) of a t days old finishing pig since the start of the finishing 

period  
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gross feed uptakei,t: gross feed uptake (kg) of a t days old finishing pig since the start 

of the finishing period 

gross meat productioni,t: gross meat production (kg) of a t days old finishing pig 

starting weight pigletsi: starting weight (kg) of 70 days old piglets 

 

Gross meat production and gross feed uptake curves need to be adjusted to take into account 

mortality. De Vrieze (1984) presents a linear mortality function consisting of two pieces, with 

a marginal weekly mortality rate of 0.2% before live weight reaches 90 kg, and a marginal 

weekly mortality rate of 0.25% above 90 kg. We calibrate this linear mortality function for 

each farm, using the observed mortality rate and finishing period and keeping the two-steps-

linearity. Similar to De Vrieze (1984), the calibration assumes that the marginal weekly 

mortality rate increases with 25% at a live weight of 90 kg. Marginal weekly mortality rates 

are then adjusted, so that the total mortality rate at the end of the finishing period corresponds 

to the observed value (Table 4.1). The marginal weekly mortality rate is transformed to a 

marginal daily mortality rate. This allows for deriving the total mortality rate on each day 

during the finishing period (Figure 4.2).  

 

 

Figure 4.2. Calibrated mortality function for the average farm 

 

A finishing pig that dies during the finishing period causes its total meat production (grown 

up to that weight) to be lost. Therefore, a net meat production function is calculated by 

diminishing the gross meat production with the mortality rate. 
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with: net meat productioni,t: net meat production (kg) of a t days old finishing pig 
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mortalityi,t: mortality rate (%) since the start of the finishing period 

 

The death of a finishing pig also causes the feed uptake after the time of death to be dropped. 

Therefore, the net feed uptake is calculated by multiplying the gross feed uptake with the ratio 

between the number of days that a finishing pig is present and the duration of the finishing 

period. 
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with: net feed uptakei,t: net feed uptake (kg) of a t days old finishing pig since the start of the 

finishing period  

 

The number of days that a finishing pig is present is calculated by diminishing the number of 

days since the start of the finishing period with the mortality rate. 
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Figure 4.3 presents the evolution of net meat production and net feed uptake for the average 

farm in the dataset. 

 

 

Figure 4.3. Net meat production and net feed uptake functions for the average farm 

 

A particular duration of the finishing period yields a combination of net meat production and 

net feed uptake. The finishing duration also allows for calculating the corresponding number 

of rotations per pig place per year, if the time between two finishing rounds is known. Since 
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FADN data do not provide information about the idle production time between two finishing 

rounds, it is assumed to be 5 days. The mechanistic approach then relates a number of 

rotations per pig place per year to each combination of net meat production per pig place per 

year and net feed uptake per pig place per year. This allows for deriving a unit-isoquant for 

each farm (Figure 4.4), indicating the substitution possibilities between net feed uptake and 

number of rotations to produce 1 kg of net meat production. In practice, the substitution 

between feed and rotations means a difference in delivery weight of the finished pig. Note 

that in practice, a change of the delivery weight may entail a change of the carcass quality and 

consequently a change of the obtained pig price. For this research, however, we assume a 

fixed carcass quality. 

 

The frontier corresponds to the unit-isoquant of the farm that uses the smallest amounts of 

inputs per unit of output. Since the constituting growth, feed uptake and mortality functions 

are calibrated for each farm separately, the resulting farm-specific unit-isoquants are not a 

priori supposed to be parallel. In this, the mechanistic approach differs from conventional 

frontier methods, where each farm‟s isoquant is a priori supposed to be parallel to the 

frontier. Although farm-specific unit-isoquants may not be parallel to the frontier, the 

mechanistic approach assumes that all farms apply the same technology. This is because final 

production functions are constructed starting from growth, feed uptake and mortality 

functions that have the same functional form across farms. 

 

  

Figure 4.4. Unit-isoquant for the average farm and the frontier-unit-isoquant 
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The mechanistically derived unit-isoquant assessment, presented in figure 4.4 is conceptually 

comparable to the data-driven frontier assessments obtained with conventional frontier 

methods. Consequently, technical and allocative efficiency scores can also be calculated with 

the mechanistic approach. Since farm-specific unit-isoquants may have different slopes, the 

multiplication of technical and allocative efficiency scores may differ from cost and 

environmental efficiency scores.  

 

This information might, however, not be sufficient for planning purposes. Production limits 

may go beyond the mere input-output transformation. Manure legislation in Flanders, for 

example, attributes production limits to pig finishing farms, based on the number of average 

present finishers. The number of average present finishers equals the number of pig places 

corrected for the actual occupation. Maximizing performance within the limits of allowed 

production capacity therefore means maximization per average present finisher. 

 

The actual occupation of the pig places depends on the duration of the finishing period, the 

idle time between rotations and the mortality rate. Since these variables may change when a 

farm moves towards the frontier or on its unit-isoquant, the number of average present 

finishers may also change. The mechanistic approach allows for assessing the change of the 

number of average present finishers when a farm moves towards the frontier or on its unit-

isoquant. This is because the underlying mortality and growth functions are known. 

Consequently, the mechanistic approach allows for optimizing performances per average 

present finisher. Conventional frontier methods as such do not allow for assessing the change 

of the number of average present finishers along the production function and isoquants, since 

underlying growth and mortality functions are not taken into account. 

 

A spreadsheet is used to make the mechanistic approach operational and to automatize the 

necessary calculations. Numerous authors (e.g. McGill and Klobas, 2005; Power and Sharda, 

2007) argue that personal computer-based spreadsheet technology is robust for building 

model driven decision support systems. Also other authors (e.g. Buehlmann et al., 2000; 

Shang et al., 2008) use spreadsheets to build decision support tools that are easy to use.  
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4.5. Application of conventional and mechanistic frontier approaches 

This section analyzes the outcomes of applying environmentally adjusted conventional and 

mechanistic frontier methods to the data sample of pig finishing farms. Section 4.5.1 

compares efficiency scores obtained with conventional and mechanistic frontier methods and 

analyzes the implied economic-environmental trade-offs. Section 4.5.2 analyzes 

mechanistically assessed trade-offs that are based on performances expressed per average 

present finisher. 

 

4.5.1. Efficiency scores and implied trade-offs  

Table 4.2 shows average efficiency scores as a result of applying environmentally adjusted 

conventional and mechanistic frontier methods. 

 

Table 4.2. Average efficiency scores 

 

 

The highest technical efficiency scores are obtained with SFA, the lowest ones with the 

mechanistic approach. Environmental efficiency scores obtained with the nonparametric 

approach are substantially higher than those obtained with the parametric and mechanistic 

approaches. This is due to the fact that the environmental allocative efficiencies from DEA 

exceed substantially those from SFA and the mechanistic approach. The parametric and 

mechanistic approaches indicate that environmental efficiency is substantially lower than cost 

efficiency. DEA and the mechanistic approach yield very high cost allocative efficiency 

scores.  

 

Figure 4.5 presents the different frontier unit-isoquants obtained with the conventional and 

mechanistic approaches. The graph is helpful for illustrating conformity or nonconformity 

between the efficiency scores obtained with the different approaches. The DEA frontier in the 

graph is derived under the assumption of constant returns to scale. The SFA frontier is derived 

Efficiency type SFA DEA (CRS) DEA (VRS) Mechanistic

Technical 0.965 0.943 0.946 0.925

Cost 0.859 0.932 0.935 0.923

Environmental 0.311 0.894 0.904 0.346

Cost allocative 0.890 0.989 0.989 0.997

Environmental allocative 0.322 0.948 0.955 0.394

CRS: constant returns to scale; VRS: variable returns to scale

Frontier method
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from the Cobb-Douglas production function. Because total elasticity of production of the 

Cobb-Douglas function indicates slightly increasing returns to scale (ε = 1.003), the 

constituting points of the frontier are somewhat scattered. Nevertheless, the scattered points 

can be considered as indicative for the SFA frontier and can be used for clarifying purposes. 

Due to the stochastic nature of the SFA frontier, some farms are located closer towards the 

origin of the co-ordinate system than the frontier itself.   

 

 

Figure 4.5. Frontier unit-isoquants according to different frontier approaches 

 

To a great extent, differences between efficiency scores can be attributed to methodological 

issues. Technical efficiency is highest under SFA because DEA and the mechanistic approach 

attribute any radial deviation from the frontier to technical inefficiency, while SFA 

distinguishes between random error and technical inefficiency. The returns to scale 

assumption under DEA affects little the technical efficiency score, indicating a high scale 

efficiency. Technical efficiency is lower under the mechanistic approach than under DEA. 

This is because the piece-wise DEA production frontier links multiple fully technical efficient 

farms (peers), while the mechanistically derived production frontier corresponds to the 

production function of one particular farm that uses the smallest amounts of inputs per unit of 

output. In our case, the piece-wise production frontier better encloses the data sample of pig 
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finishing farms and yields higher technical efficiency scores. Since the mechanistically 

derived production frontier corresponds to the production function of one particular farm, one 

has to be careful with outliers. Due to its deterministic nature, also DEA is sensitive to 

outliers. In our case, outliers are probably a minor problem because Flemish pig finishing is a 

highly conditioned production process and special attention is paid to the robustness of the 

data sample.    

 

Cost efficient points are located where the ratio of input prices equals the marginal 

substitution rate of inputs. Similarly, environmental efficient points are located where the 

ratio of nitrogen contents of inputs equals the marginal substitution rate of inputs. Since DEA 

constructs a piece-wise production frontier linking technical efficient peer farms, cost and 

environmental efficient points correspond to peers from the dataset. This means that DEA 

always reveals allocative efficient farms. Again, this makes the method very sensitive to 

outliers.  

 

SFA and the mechanistic approach, on the other hand, use a continuous production function. 

Cost and environmental efficient input combinations do not correspond with farms from the 

dataset, but depend on the slope of the estimated production function and the proportion of, 

respectively, input prices and nitrogen contents of the inputs. Consequently, there may be a 

substantial difference between the location of cost and/or environmental efficient points and 

the location of the farms from the dataset. Environmental efficient points obtained with SFA 

and the mechanistic approach, for example, are located far away from the dataset in the 

direction of more rotations and less feed. SFA also yields cost efficient points that are located 

outside the dataset in the direction of more rotations and less feed. Nevertheless, the 

mechanistic approach indicates that current input allocations almost minimize input costs. 

Figure 4.5 shows that the different locations of cost minimizing input combinations are due to 

the different slopes of the mechanistic and SFA frontier. This difference in slope  may be due 

to the restrictiveness of the Cobb-Douglas function (e.g. elasticity of substitution = 1). 

Nevertheless, a restrictive functional form is chosen because duality characteristics allow for 

deriving cost and environmental functions that are consistent with the estimated production 

function. 

 

Table 4.3 shows the Spearman's rank correlation coefficients for the different types of 

efficiency scores. The rank correlation analysis reveals significant and positive correlations 
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between efficiency scores that are obtained with different frontier methods. Nevertheless, rank 

correlation coefficients for allocative efficiency scores are lower than those for technical 

efficiency scores. Again, this can be explained by the different slopes of the parametric, 

nonparametric and mechanistic production functions. Moreover, each farm-specific 

mechanistic production function may have a different slope. It has already been indicated in 

previous paragraphs that these curvatures influence allocative efficiency scores. In their 

comparison of technical, cost allocative and cost efficiencies of Hawaiian swine production, 

Sharma et al. (1999) also find all rank correlations to be positive and highly significant, with 

strong correlations for technical efficiencies and the lowest correlation for cost allocative 

efficiency under VRS.   

 

Table 4.3. Spearman's rank correlation coefficients 

 

 

Environmental efficiency scores obtained mechanistically and with SFA have the highest rank 

correlation coefficient. This is because both frontier approaches yield environmental efficient 

points that are located far away from the dataset in the direction of more rotations and less 

feed. Nevertheless, environmental allocative efficiency scores obtained mechanistically and 

with SFA are less rank correlated. This is because the mechanistic approach yields farm-

specific slopes for the production function and different slopes result in different allocative 

efficiency scores. 

 

Some lower rank correlation coefficients indicate that the use of different frontier approaches 

may lead to different farm-specific decision support. Consider for example the rank 

correlation coefficient for cost allocative efficiency scores obtained with DEA and SFA (rs = 

0.344). In order to improve cost allocative efficiency, SFA recommends all farms to substitute 

feed by rotations, while DEA advises some farms to substitute rotations by feed. Similar 

opposite effects lead to the lower rank correlation between cost allocative efficiency scores 

Efficiency type SFA - DEA
1

SFA - Mechanistic DEA
1
 - Mechanistic

Technical 0.891 *** 0.825 *** 0.838 ***

Cost 0.691 *** 0.740 *** 0.907 ***

Environmental 0.646 *** 0.978 *** 0.614 ***

Cost allocative 0.344 *** 0.552 *** 0.395 ***

Environmental allocative 0.572 *** 0.510 *** 0.723 ***

***P < 0.001

1
 DEA efficiency scores under variable returns to scale are used

Frontier methods
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obtained mechanistically and with DEA (rs = 0.395). In order to improve cost allocative 

efficiency, DEA recommends certain farms to substitute feed by rotations, while the 

mechanistic approach advises these farms to do the opposite. 

 

However, if the average farm is considered, each frontier approach advises similar directions 

for improving technical and allocative efficiency scores, as is confirmed by the positive rank 

correlation coefficients that are highly significant. Below, improvement paths for the average 

farm are analyzed based on the results obtained with SFA.  

 

Figure 4.6 shows graphically (for illustrative purposes, exact proportions are not respected) 

the frontier, estimated with SFA, together with the unit-isoquant of the average farm in the 

dataset. Technical (TE), cost allocative (CAE), environmental allocative (EAE), cost (CE) and 

environmental (EE) efficient points are indicated for the average farm. Again, the total 

elasticity of production of the Cobb-Douglas function indicates slightly increasing returns to 

scale (ε = 1.003), but nevertheless unit-isoquants are used for clarifying purposes.  

 

By substituting feed by rotations (path 1), the average farm can improve its cost and 

environmental efficiency simultaneously. Following path 1 therefore implies a positive 

economic-environmental trade-off. Beyond the input combination that maximizes cost 

efficiency, a further substitution of feed by rotations (path 2) diminishes cost efficiency but 

improves environmental efficiency and therefore implies a negative trade-off.  

 

By following path 3, the average farm improves its technical efficiency. An increase of 

technical efficiency results in a positive economic-environmental trade-off. Once arrived on 

the frontier, the average farm is able to further allocate inputs. Since all unit-isoquants are a 

priori assumed to be parallel to the frontier, input allocation is done in a similar way as before 

technical efficiency was improved. By following path 4, a positive economic-environmental 

trade-off is established. Path 5 then implies a negative trade-off, since environmental 

efficiency increases while cost efficiency decreases.  
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Figure 4.6. SFA unit-isoquant and efficiency measures for the average farm 

 

For the average farm, DEA and the mechanistic approach yield similar improvement paths as 

those obtained with SFA. Moving from the point where the average farm is currently 

operating towards technical, cost (allocative) and environmental (allocative) efficient points 

implies economic-environmental trade-offs that have a similar sign as the trade-offs obtained 

with SFA. Since allocative efficiency scores obtained with DEA and the mechanistic 

approach are higher than those obtained with SFA, less substitution of feed by rotations is 

required to reach allocative efficient points.  

 

4.5.2. Trade-offs based on performances expressed per average present finisher  

The mechanistic approach allows for detecting optimal performance levels, expressed per 

average present finisher. Figure 4.7 shows graphically the mechanistically derived economic-

environmental trade-off for the average farm in the dataset. Since the mechanistic approach 

starts from calibrated growth, feed uptake and mortality functions, additional farm indicators 

can be calculated at each point on the derived unit-isoquant and frontier. Unfortunately, data 

driven frontier methods do not allow for calculating these farm indicators, since underlying 

growth, feed uptake and mortality functions are not taken into account. 

 

EE 

CE 

Average farm 

 

 

 

 

farm 

Number of rotations per kg live weight (#/kg) 

Feed per kg live weight (kg/kg) 

TE 

Frontier 

CAE 

EAE 

1 

2 

3 

4 

5 

TE: technical efficient 

CE: cost efficient 

EE: environmental efficient 

CAE: cost allocative efficient 

EAE: environmental allocative efficient 
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Table 4.4 compares for the average farm actual performance indicators with indicators the 

farm can obtain through (1) maximizing the gross margin per average present finisher (APF) 

per year on its own unit-isoquant, (2) operating on the frontier with same input ratio and (3) 

maximizing the gross margin per average present finisher (APF) per year on the frontier.  

 

 

 

 

Figure 4.7. Mechanistically derived economic-environmental trade-off for the average farm 

 

Table 4.4. Average farm indicators under actual and optimal performance 
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Number of rotations / net meat production (#/kg)

Average farm 
Average farm 

unit-isoquant 
Frontier Frontier 

Actual performance
Maximum gross 

margin
Same input ratio

Maximum gross 

margin

Variable costs (euro/APF.year) 227 238 266 272

Revenues (euro/APF.year) 297 310 367 374

Gross margin (euro/APF.year) 69.3 71.7 100.9 101.4

Nitrogen excretion (kg/APF.year) 10.9 9.8 11.8 11.3

Feed conversion (kg/kg) 3.06 2.86 2.83 2.74

Average daily weight gain (kg/day) 0.590 0.592 0.729 0.730

Slaughter weight (kg) 109 95 114 107

Finishing period (days) 147 124 127 117

Mortality rate (%) 4.30 3.50 1.57 1.42

APF: average present finisher

Number of rotations per kg live 

weight production (#/kg)
0.00961 0.0109 0.00888 0.00946

Feed use per kg live weight 

production (kg/kg)
2.50 2.24 2.30 2.19

Average 

farm Average farm 

unit-isoquant 

Maximum 

gross margin 

per APF per 

year 

Frontier 

Maximum gross margin per APF per year 

Same input ratio 

Maximum gross 

margin per APF per 

year 

 

Average farm unit-

isoquant 

Minimum nitrogen 

excretion per APF per 

year 

Frontier 

Minimum nitrogen 

excretion per APF 

per year 

APF: average present finisher 
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The average farm can obtain a higher gross margin (from 69.3 to 71.7 euro per average 

present finisher per year) and a lower nitrogen excretion (from 10.9 to 9.8 kg per average 

present finisher per year) by moving on its unit-isoquant. To achieve this, the delivery weight 

has to be lowered (from 109 to 95 kg), which implies that feed is substituted for rotations. A 

lower delivery weight also results in less mortality and a better feed conversion, since more 

feed is needed per kg growth when pigs become larger.  

 

If the average farm further substitutes feed by rotations, beyond the point on its unit-isoquant 

that corresponds with a maximum gross margin per average present finisher per year, 

environmental performance will improve and economic performance will diminish. In order 

to minimize nitrogen excretion per average present finisher per year, the average farm should 

reduce the delivery weight until piglets are delivered immediately at the start of the finishing 

period. This is off-course not feasible in practise, first of all, since the negative economic-

environmental trade-off causes the gross margin to diminish strongly. Second, the obtained 

pig price would reduce strongly, since carcass quality diminishes when the delivery weight 

goes under a certain level.   

 

If the average farm optimizes technical efficiency while leaving the input ratio unchanged, the 

gross margin would increase from 69.3 to 100.9 euro per average present finisher per year. In 

order to optimize technical efficiency, feed conversion, average daily weight gain and the 

mortality rate should improve.  

 

Optimizing technical efficiency leads to a lower absolute nitrogen excretion, since less feed 

and less rotations are used per kg pig production. Nevertheless, if expressed per average 

present finisher per year, nitrogen excretion increases from 10.9 to 11.8 kg per average 

present finisher per year. This is because the shorter finishing period (from 147 to 127 days) 

causes the number of average present finishers per pig place to decrease. This decrease cannot 

be compensated by the fact that the lower mortality as such results in more average present 

finishers per pig place. Therefore, if performances are expressed per average present finisher 

per year, optimizing technical efficiency yields a negative economic-environmental trade-off, 

resulting in a higher gross margin as well as a higher nitrogen excretion per average present 

finisher per year.   
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From the technical efficient point onwards, a substitution of feed by rotations results in a 

positive economic-environmental trade-off for the average farm. On the frontier, the gross 

margin is maximized (101.4 euro per average present finisher per year) at a delivery weight 

level of 107 kg. Note that the feed-rotations proportion that maximizes the gross margin per 

average present finisher per year is higher on the frontier than on the average farm unit-

isoquant. This is because the frontier and the average farm unit-isoquant are not parallel. 

 

Beyond the point on the frontier that corresponds to a maximum gross margin per average 

present finisher per year, further substitution of feed by rotations improves again 

environmental performance but diminishes economic performance. 

 

4.6. Conclusion and discussion 

Conventional data-driven frontier methods can easily be adjusted to assess positive and 

negative economic-environmental trade-offs. The essential mechanism used in this paper is 

the materials balance condition that links the environmental outcome to input-output 

transformation. The mechanistic elaboration of a reference production function allows for 

evaluating the data-driven conventional frontier approaches.  

 

The highly significant positive rank correlations indicate that, on average, data-driven frontier 

methods yield similar economic-environmental trade-offs as the mechanistic approach, 

despite the fact that essential information on the „true‟ production function is missing. 

Nevertheless, three main problems may arise when conventional frontier methods are used for 

analyzing economic-environmental trade-offs, in particular for decision support purposes. 

 

First, one has to be careful with firm-specific decision support. The highly positive and 

significant rank correlations for technical efficiency indicate that the data-driven frontier 

approaches yield satisfactory technical efficiency scores. However, some relatively low rank 

correlation coefficients for allocative efficiencies indicate that allocative efficiency scores are 

less robust. Therefore, different frontier approaches may yield different economic-

environmental trade-offs for particular firms. The main reason for this are the differences in 

curvature of the production function. The slope of the DEA frontier not only differs from the 

slope of the SFA frontier, both data-driven frontier methods also yield curvatures that differ 

substantially from the mechanistically derived frontier curvature. 
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The reasons for these differences in curvature are merely methodological. DEA uses a 

piecewise production frontier that links fully efficient farms. Consequently, cost and 

environmental efficient points always correspond to actual existing farms from the data 

sample, which makes the nonparametric method very sensitive to outliers. The parametric 

approach requires the use of a restrictive functional form. Duality characteristics of this 

restrictive functional form allow for deriving cost and environmental functions that are 

consistent with the estimated production function. These different functions allow for 

calculating different types of efficiency scores. Nevertheless, the restrictiveness of the 

functional form might bias results. The mechanistic approach builds the final production 

function starting from underlying growth, gross feed uptake and mortality functions which are 

based on agronomic knowledge and which are specific for the pig-finishing case. Data-driven 

frontier methods also assume that production functions of all farms are parallel to the 

production frontier, while the mechanistic approach constructs farm-specific production 

functions that are not a priori assumed to be parallel. 

 

The second problem of conventional data-driven frontier methods may arise when 

performances have to be optimized per production unit and the production unit varies along 

the production frontier or isoquants. The pig finishing case illustrates that conventional 

frontier methods as such may not be able to optimize these relative performances. Production 

limits cause pig producers to optimize relative performances, expressed per average present 

finisher. The mechanistic approach shows that the number of average present finishers 

changes along the production function and isoquants. Conventional frontier methods as such 

do not allow for assessing this change and therefore cannot optimize per average present 

finisher. The mechanistic approach reveals that a pure technical efficiency increase improves 

economic performance per average present finisher, while environmental performance per 

average present finisher diminishes (negative trade-off). Conventional frontier methods, on 

the other hand, only show that a pure technical efficiency increase improves both absolute 

economic and absolute environmental performance (positive trade-off).  

 

The third problem concerns the calculation of additional firm-specific indicators under actual 

and optimal performances. Such indicators may facilitate the process of advising firms on 

how to improve their performances. For the pig finishing case, the mechanistic approach 

allows for deriving firm-specific indicators at each point of the production function and 
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frontier, since calibrated growth, feed uptake and mortality functions are used as starting 

points for deriving the production functions. Data-driven frontier methods as such do not 

allow for assessing these firm-specific indicators, since they do not take into account the 

underlying growth, feed uptake and mortality functions.  

 

Overall we can conclude that, for the pig finishing case, a mechanistic approach can be used 

as a reference for evaluating the suitability of conventional data-driven frontier methods for 

economic-environmental trade-off analysis. However, besides the advantages already 

mentioned, the mechanistic approach has also some disadvantages: some assumptions are 

required (e.g. finishing period is assumed to start at the age of 70 days, curvature of both 

growth and gross feed uptake functions is assumed to be indifferent for slow and fast growing 

pigs) and its deterministic nature makes the approach sensitive to outliers. Sensitivity to 

outliers is however of minor importance in our case, since Flemish pig finishing is a highly 

conditioned production process. 

  

For most other cases, the required technical information to construct mechanistic production 

functions may not be available. Conventional frontier methods help to find rankings and 

orient decision makers towards solutions with positive economic-environmental trade-off 

implications. However, the specific objectives of trade-off analysis face the well-known 

advantages and disadvantages of SFA and DEA. In particular the curvature of the estimated 

production function and the sensitivity of DEA to outliers influence the obtained trade-offs. 

Therefore, techniques that attenuate these disadvantages and combine the advantages of both 

conventional approaches (e.g. Kuosmanen, 2007) would be very useful. 
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Chapter 5 

Evaluation of economic and environmental effects of 

management interventions with production-theory-

based methods: the case of strategic deworming in 

pig finishing 

 

 

 

 

 

 

 

 

 

 

 

Contribution to thesis: 

Chapters 3 and 4 apply improved insights obtained with the production-theoretical framework 

from chapter 2 to diagnose economic-environmental trade-offs trough positioning farms 

against a best practice frontier. In this chapter, insights from the theoretical framework are 

applied to simulate the effects of management interventions on economic performance and 

environmental pressure at farm level. The management intervention that is evaluated is 

strategic deworming in pig finishing. This chapter should provide evidence why the use of 

production-theory-based methods results in an improved evaluation of management 

interventions. The use of partial budgeting and frontier analysis for simulating economic-

environmental effects is compared and it is shown that application of both methods requires a 

production-theoretical system analysis. Special attention is paid to upgrading available 

information on management options, which is often partial and generic, to relevant decision 

support information.  

 

 

 

This chapter has been published as: 

Van Meensel, J., Kanora, A., Lauwers, L., Jourquin, J., Goossens, L., Van Huylenbroeck, G., 

2010. From research to farm: ex ante evaluation of strategic deworming in pig finishing. 

Veterinarni Medicina 55(10), 483-493. 
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Paper abstract 

 

This paper upgrades generic and partial information from parasitological research for farm-

specific decision support, using two methods from managerial sciences: partial budgeting and 

frontier analysis. The analysis focuses on strategic deworming in pig finishing and assesses 

both effects on economic performance and nutrient efficiency. The application of partial 

budgeting and frontier analysis is based on a production-theoretical system analysis which is 

necessary to integrate parasitological research results to assess aggregate economic and 

environmental impacts. Results show that both statistically significant and insignificant 

parasitological research results have to be taken into account. Partial budgeting and frontier 

analysis appear to be complementary methods: partial budgeting yields more discriminatory 

and communicative results, while frontier methods provide additional diagnostics through 

exploring optimization possibilities and economic-environmental trade-offs. Strategic 

deworming results in a win-win effect on economic and environmental performances. Gross 

margin increases with 3 to 12 euro per average present finisher per year, depending on the 

cyclic pig price conditions. The impact on the nutrient balance ranges from +0.2 to -0.5 kg 

nitrogen per average present finisher per year. The observed efficiency improvements are 

mainly technical and further economic and environmental optimizations can be achieved 

through input re-allocation. A user-friendly spreadsheet is provided to translate the generic 

experimental information to farm-specific conditions. 

 

 

Keywords: partial budgeting, frontier analysis, pig finishing, strategic deworming 
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Chapter 5 

Evaluation of economic and environmental effects of management 

interventions with production-theory-based methods: the case of 

strategic deworming in pig finishing 

 

5.1. Introduction 

Endoparasites in livestock cause discomfort, physical damage and economic losses (Stewart 

and Hale, 1988; Corwin, 1997; Vercruysse and Dorny, 1999; Jäger et al., 2005; Kemper and 

Henze, 2009). Many efforts are made by scientists and veterinary pharmaceutical companies 

to develop anti-parasitic products and/or strategies (e.g. Murrell, 1986; Roepstorff and Jorsal, 

1989; Roepstorff and Nansen, 1994; Williams, 1997; Nansen and Roepstorff, 1999; 

Vercruysse and Dorny, 1999; Joachim et al., 2001; Beloeil et al., 2003; Jäger et al., 2005; 

Kemper and Henze, 2009). In order to get adopted by farmers, these strategies must guarantee 

net improvements in economic farm results. As long as parasitological research outcomes 

demonstrate significant improvements in key performance indicators such as productivity, 

quality or mortality, traditional techniques like partial budgeting (see e.g. Dijkhuizen and 

Morris, 1997) suffice for aggregating these outcomes to assess net economic effects and for 

extrapolating results to a larger set of farms. In its most simple form, aggregation and 

extrapolation can even be done with rough back-of-the-envelope simulations. 

 

Unfortunately, multiple factors may hamper easy transformation of parasitological research 

outcomes to relevant decision support information. First, outcomes may be incomplete and 

isolated from real-life or farm-specific conditions. This is particularly the case when research 

concerns complex (and mostly preventive) whole-farm strategies instead of simple (and 

mostly curative) products or technologies that can easily be tested in field trials with enough 

replicates. Second, production activities within the targeted livestock sector may already be 

highly optimized while economic margins are low. Consequently, research outcomes may 

only concern minor and even insignificant productivity gains, while the impact on economic 

margins may be more substantial. Third, as sustainability becomes more important, multiple 
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criteria are at stake and have to be taken into account when aggregating and extrapolating 

research outcomes.  

 

These factors specifically apply to strategic deworming (SDW) with flubendazole (Flubenol® 

Janssen Animal Health) in pig finishing (see JAH (2004) for a description of the technique). 

First, there is the research complexity problem. Field experiments face the problems of cross 

contamination in a blinded control treatment trial and the impact of historical contamination 

of the premises (see for example Hale et al., 1985). These problems may influence the 

variability between field experiments, which finally attenuates the statistical validity test 

(Kanora, 2009). Research outcomes must also be completed with real farm data to serve as a 

source of information. Second, pig finishing is already highly optimized and economic 

margins are low. Small changes in revenues or costs have a substantial impact on economic 

margins due to a leverage effect: in current Flemish conditions, for example, a 1% change in 

revenues results in an increase of the gross margin by 4% (Lauwers et al., 2009). Third, from 

a sustainability perspective, SDW should not only aim at increasing animal comfort and 

product quality but also at improving economic and environmental farm outcomes.  

 

The objective of this paper is to provide a method to valorise parasitological research 

information for farm decision support. The method is based on production theory and uses 

two techniques from managerial sciences: partial budgeting and frontier analysis. Research 

outcomes on SDW with flubendazole in pig finishing are used as a typical case of the from-

research-to-farm extrapolation problem. Both economic outcomes and nutrient emission, 

being the most important environmental outcome in pig finishing, are assessed to serve as 

aggregate decision support information. 

 

Section 5.2 describes the basic material and compounds of the proposed method: the 

parasitological research results and real farm data, production-theoretical framework and 

analysis techniques. Section 5.3 presents the results of applying the methodological 

framework on the SDW case. Finally, section 5.4 concludes. 

 

5.2. Methods and material 

The parasitological research information on SDW is presented in section 5.2.1. Section 5.2.2 

presents the sample of pig finishing farms, representative for the Flemish pig-finishing sector, 
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which is used in combination with the experimental results on SDW for deriving decision 

support information. Section 5.2.3 describes the production-theoretical framework which is 

used to aggregate the parasitological research results. The following sections show how 

partial budgeting (section 5.2.4) and frontier analysis (section 5.2.5) are used to assess 

economic and environmental impacts, starting from the production-theoretical basis. Finally, 

section 5.2.6 treats the incorporation of the proposed methods into a user-friendly 

spreadsheet. 

 

5.2.1. Parasitological research results 

Ascaris suum or large roundworm is one of the most important internal parasites in pigs 

worldwide (Hale et al., 1985; Urquhart et al., 1987; Wagner and Polley, 1997; Helwigh et al., 

1999; Joachim et al., 2001; Caballero-Hernández et al., 2004). Strategic deworming (SDW) 

aims at minimizing physical and economic impacts of this parasite. Physical damage 

encompasses liver white spots, pleurisies and perforations of the gut wall (Hale et al., 1985; 

Murrell, 1986; van Wagenberg et al., 2010) and increased susceptibility for respiratory 

diseases (Bouwkamp et al., 2006). Daily weight gain decreases (Forsum et al., 1981; Hale et 

al., 1985; van Wagenberg et al., 2010) and feed absorption by the parasite deprives the host of 

nutrients (Stephenson et al., 1980; Hale et al., 1985; van Wagenberg et al., 2010). SDW 

improves the health status of the pigs and reduces liver rejections in the slaughterhouse (Van 

Meirhaeghe and Maes, 1996). Mortality and medication costs are reduced, homogeneity, lean 

meat percentage and carcass quality are improved. Average daily weight gain increases and 

feed conversion decreases (Kanora et al., 2004; Kanora, 2009).  

 

Table 5.1 presents average results from three in situ experiments, in which SDW with 

flubendazole is applied. Historical pre-treatment data are compared with SDW trial data. For 

the first experiment, observations are available at allotment level: 31 pre-treatment cases can 

be compared with 25 SDW trial cases. Differences are tested with the nonparametric 

Wilcoxon two sample test. SDW has a positive effect on feed conversion, average daily 

weight gain and mortality. Only the latter effect is statistically significant. The first 

experiment also shows that SDW does not have a significant effect on medication costs. 
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Table 5.1. Parasitological research results (source: Jansen Animal Health, Belgium) 

 

 

SDW also improves carcass quality, resulting in a higher carcass value. Unfortunately, the 

three in situ experiments do not provide data on improved carcass quality. However, Kanora 

et al. (2004) provide average figures (Table 5.2) on the percentage of carcasses selected under 

the best lean meat classes (S,E and U) for the pre-treatment and the SDW case. 

 

Table 5.2. Carcasses selected under SEU classes (%) (source: Kanora et al., 2004) 

 

 

5.2.2. Sample of pig-finishing farms 

A sample of 117 farms, representative for the Flemish pig-finishing sector, is extracted from 

the Farm Accountancy Data Network (FADN). Data are pooled for three consecutive years 

(2001-2003) to reduce possible measurement errors. Table 5.3 presents the main zootechnical, 

economic and environmental key performance indicators, calculated from the detailed 

registrations. 

 

feed conversion (kg feed/kg weight gain) 2.96 2.95 -0.01 0.83

average daily weight gain (kg/day) 0.643 0.658 0.015 0.065

mortality rate (%) 5.95 4.32 -1.63 0.0042**

medication costs (euro/APF) 3.47 3.37 -0.10 0.70

feed conversion (kg feed/kg weight gain) 2.98 2.88 -0.10

average daily weight gain (kg/day) 0.700 0.715 0.015

mortality rate (%) 6.89 6.82 -0.07

feed conversion (kg feed/kg weight gain) 3.05 2.94 -0.11

average daily weight gain (kg/day) 0.772 0.787 0.015

mortality rate (%) 4.64 3.58 -1.06

SDW: strategic deworming; APF: average present finisher

** p < 0.01

N.R.: not registered

2 N.R.

3 N.R.

Experiment 

number
Key performance indicator

Pre-

treatment
SDW trial

Absolute 

difference
p-value

1

Classification Pre-treatment SDW trial

S 10.94 9.48

E 61.42 67.36

U 23.54 22.04

total 95.90 98.88

SDW: strategic deworming
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Table 5.3. Descriptive statistics for a sample of 117 pig farms from FADN containing pooled 

data for the period 2001-2003 

 

 

5.2.3. Production-theoretical framework 

In order to assess aggregate economic and environmental effects of strategic deworming 

(SDW), we use basic production-economic theory. Central is the production function, which 

describes the technical relationship between inputs (Xi, Xj) and outputs (Y) of a production 

process. In the short run, the production capacity is fixed and limits the production process. In 

the long run, also the production capacity can be considered as a variable input: 

   

Y = f( Xi | Xj) in the short run with variable inputs Xi and fixed inputs Xj 

Y=  f( Xi , Xj) in the long run with variable inputs Xi, Xj 

 

When prices of inputs (PXi, PXj) and outputs (PY) are known, profit (Π) can be calculated as: 

 

Π = PY * Y - PXi * Xi - PYj * Xj 

 

Along the production function, profit can be maximized through selecting the optimal input-

output combination, given their prices.  

 

In the case of SDW, as in most other decision problems related to animal health control, the 

short run formulation of the production function is sufficient. The output consists of kg 

marketable pig. The main variable inputs are feed and piglets, while the fixed input consists 

of the number of pig places. The finishing activity takes about 140 days, thus each pig place 

can be occupied by more than one piglet per year to finish as a marketable pig. Rotations (= 

Key performance indicator Average
Standard 

deviation
Minimum Maximum Median

feed conversion (kg feed/kg weight gain) 3.06 0.18 2.69 3.60 3.04

average daily weight gain (kg/day) 0.593 0.050 0.471 0.743 0.590

mortality rate (%) 4.30 1.8 0.91 8.88 4.05

slaughter pig price (euro/kg) 1.13 0.043 0.94 1.24 1.13

feed price (euro/kg) 0.189 0.012 0.145 0.246 0.188

gross margin (euro/APF.year) 62.8 21 11.3 113 61.0

nitrogen excretion (kg/APF.year) 11.0 0.95 8.9 13.9 11.0

eco-efficiency (euro/kg) 5.79 2.0 0.818 10.2 5.69

APF: average present finisher
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number of start-ups per year) can be seen as an input factor instead of the mere piglet input. 

The rotation price then consists of the piglet price and the other costs linked to the starting-up 

process.  

 

In the short run, profit can be maximized given the number of pig places, which is the 

capacity constraint. Profit maximization then comes down to seeking an optimal combination 

of feed and rotations to produce a given amount of marketable big. This optimization 

coincides with a maximization of the gross margin (revenues minus variable costs). In 

practice, substitution between feed and rotations can be reduced to a change in delivery 

weight of the finished pig.  

 

The pig place is the limiting factor, but in practice a real occupied pig place is more useful. 

The real occupied pig place becomes operational through the concept of average present 

finisher (APF), which is a pig place corrected for the actual occupation. The number of APFs 

is easily monitored in most current accounting systems. 

 

In order to valorize the parasitological research results, the challenge now becomes to link the 

traditional key performance indicators (feed conversion, average daily weight gain, mortality 

rate) with production-theoretical key performance indicators (inputs and output). This linkage 

allows for combining synergetic and counteracting effects on traditional key performance 

indicators to calculate aggregate effects. Moreover, it prevents a simple adding-up of positive 

and negative effects which would be erroneous because double counting or correlations would 

not be controlled for. Also the improvement in carcass value has to be related to an 

improvement in output price. Linking traditional to production-theoretical key performance 

indicators results in a qualitative production-theoretical impact matrix with the traditional key 

performance indicators as row entrants and production-theoretical performance indicators as 

column entrants.   

 

5.2.4. Partial budgeting 

Starting from the assessed production-theoretical key performance indicators, partial 

budgeting is applied to calculate the economic effects of SDW. A partial budget only takes 

into account the cost and revenue components that change due to a minor adjustment in the 

management. The net effect is the difference between aggregate positive and negative 
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economic effects (Dalsted and Gutierrez, 1992). In this paper, the change in gross margin is 

calculated. 

 

The partial budgeting method is extended to account also for the change in environmental 

outcome due to SDW. Based on the materials balance principle (Lauwers, 2009), the nutrient 

balance is calculated as the amount of nitrogen entering through inputs minus the amount 

leaving through marketable output. Nitrogen content data from literature are linked to input 

and output quantities.  

 

The changes in economic and environmental outcomes can be combined to assess the 

difference in eco-efficiency. Eco-efficiency can be defined as the ratio between an economic 

outcome, to be maximized, and an environmental pollution outcome, to be minimized 

(Huppes and Ishikawa, 2005). In this paper, eco-efficiency is calculated by dividing gross 

margin by the nitrogen balance. 

 

5.2.5. Frontier analysis 

Also frontier methods can be used to valorise the parasitological research results, starting 

from the assessed production-theoretical key performance indicators. Frontier methods, issued 

from original work by Farrell (1957), aim at identifying inefficiency levels by comparing 

actual to optimal performance levels. Input oriented technical efficiency reflects the ability to 

use minimal amounts of input(s) to obtain (a) given amount of output(s). Output oriented 

technical efficiency reflects the ability to produce maximal amounts of output(s) with (a) 

given amount of input(s). Cost allocative efficiency reflects the ability to use inputs in cost 

minimizing proportions, given their respective prices and the production technology. Input 

oriented technical and cost allocative efficiency can be combined to provide a measure for 

cost efficiency.  

 

Coelli et al. (2007) also propose an environmental efficiency measure that can be decomposed 

into input oriented technical and, in this case, environmental allocative efficiency. 

Environmental allocative efficiency refers to the ability to use inputs in a combination that 

minimizes the nutrient balance.  
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To calculate efficiency scores, literature distinguishes between nonparametric data 

envelopment analysis (DEA) and parametric stochastic frontier analysis (SFA). We use the 

latter. SFA was originally and independently described by Aigner et al. (1977) and Meeusen 

and van den Broeck (1977), and fits a parametric production function to given data, 

specifying a two-part error term that accounts for both random error and the degree of 

technical inefficiency. Detailed reviews of SFA can be found in Greene (1993), Coelli et al. 

(2005), and, Kumbhakar and Lovell (2000).  

 

The functional form of the production function needs to be specified by the researcher. Here, 

the Cobb-Douglas functional form is selected because it allows for deriving analytically the 

so-called dual cost function, representing minimum costs as a function of output level and 

input prices. Bravo-Ureta and Rieger (1991) and Sharma et al. (1999) provide applications of 

assessing technical and cost efficiencies, using a Cobb-Douglas production function. In our 

research, this procedure is extended to derive also a dual environmental function, representing 

minimum nitrogen uptake as a function of output and nitrogen content of the inputs. Based on 

the dual cost and environmental functions, cost and environmental efficiencies are assessed. 

Allocative efficiencies are calculated residually. All efficiency scores vary between 0 and 1, 0 

being totally inefficient and 1 being fully efficient. 

 

SFA is applied on a cross-section sample of 177 cases: the FADN sample of 117 farms is 

combined with: 

-  31 historical pre-treatment cases and 25 SDW trial cases from experiment 1; 

-  1 pre-treatment case and 1 SDW trial case from experiment 2; 

-  1 pre-treatment case and 1 SDW case from experiment 3. 

 

5.2.6. User-friendly spreadsheet 

The qualitative production-theoretical impact matrix, partial budgeting and frontier analysis 

are incorporated into a user-friendly spreadsheet. Together with this paper, the spreadsheet 

can be freely downloaded from the website of the Biomedical Technology, Epidemiology and 

Food Safety Global Network CENTAUR (http://centaur.vri.cz Reports and Documents, From 

research to farm: ex ante evaluation of strategic deworming in pig finishing 2010-09-29). The 

Excel spreadsheet consists of four worksheets. Three worksheets allow for analyzing 

parasitological research results of SDW, while a fourth worksheet allows for linking SDW 
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effects to individual farm data in order to provide farm-specific advice on the impact of SDW. 

The fourth worksheet can be used separately from the other worksheets. 

 

To analyze parasitological research results of SDW, the spreadsheet user has to introduce 

values of traditional key performance indicators (feed conversion, mortality rate, average 

daily weight gain etc.) before and after SDW into the worksheet „production-theoretical 

impacts‟. Traditional key performance indicators are then transformed into production-

theoretical key performance indicators (inputs, outputs etc.). The worksheets „partial 

budgeting‟ and „frontier analysis‟ use the production-theoretical key performance indicators 

to assess economic and environmental effects of SDW with the respective methods. 

Moreover, the worksheet „frontier analysis‟ presents additional improvement margins that can 

be obtained before and after SDW through optimizing cost allocative efficiency.  

 

The worksheet „individual farm effect‟ combines efficiency changes due to SDW to farm-

specific data, in order to assess ex ante farm-specific impacts of SDW. The user has to 

introduce both efficiency changes due to SDW, which can be assessed previously in the 

worksheet „frontier analysis‟, and values of farm-specific key performance indicators before 

SDW. If the user does not dispose of experimental data on SDW, the worksheet „individual 

farm effect‟ can be applied separately by introducing farm-specific key performance 

indicators and combining them with efficiency changes due to SDW that are presented in this 

paper. 

 

5.3. Results 

5.3.1. Qualitative production-theoretical impact matrix 

Table 5.4 presents a qualitative production-theoretical impact matrix, linking the 

parasitological research results to changes in production-theoretical key performance 

indicators. Increasing average daily weight gain results in more rotations within a given time 

span. More rotations imply that more inputs are used and more output is produced. However, 

more rotations also imply that the sum of non-occupancy time between rotations increases. 

Hence, a higher average daily weight gain reduces the number of APFs. A lower mortality 

rate results in more slaughter pigs within a given finishing period. At the same time, more 

feed is used and the number of APFs increases. A better feed conversion leads to less feed use 
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within a given finishing period. Lower medication costs result in a lower price per rotation. 

Finally, the output price rises due to an improved carcass quality.  

 

Table 5.4. Effect of a change in traditional key performance indicators on production-

theoretical key performance indicators 

 

 

5.3.2. Partial budgeting 

The partial budgeting results for the three SDW experiments are expressed per APF per year 

(Table 5.5). Similar to the statistical analysis for the parasitological research results, the 

nonparametric Wilcoxon two sample test is used for experiment 1.  

 

Kg marketable pig 

(Y)

Feed 

(X1)

Rotations 

(X2)

APF 

(X3)

Pig price 

(PY)

Rotation price 

(PX2)

feed conversion ↓ / ↓ / / / /

average daily weight gain ↑ ↑ ↑ ↑ ↓ / /

mortality rate ↓ ↑ ↑ / ↑ / /

medication costs ↓ / / / / / ↓

carcass value ↑ / / / / ↑ /

Y: output; X: input; P: price

APF: average present finisher

/: no effect
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Table 5.5. Economic and environmental effects of SDW assessed with partial budgeting 

  

 

SDW causes revenues to increase: the lower mortality rate and higher average daily weight 

gain result in more pigs that can be finished within a given time period. Moreover, the 

improved carcass quality results in a higher price per kg marketable pig. Variable costs 

remain almost constant, except for experiment 1. The variable costs increase for experiment1 

is less straightforward since average daily weight gain, feed conversion and mortality 

improve. The explanation lies in the synergetic and counteracting driving factors that affect 

both the costs itself and the expression per APF per year. Indeed, a better feed conversion 

leads to less feed costs. However, a lower mortality means that more pigs are finished, so feed 

costs increase. An improved average daily weight gain means more rotations within a given 

time period, which implies higher costs for piglets. Note that also the number of APFs is 

affected. A lower mortality rate increases the number of APFs while an increased average 

daily weight gain has the opposite effect: more rotations within a given time period means 

that the total amount of time that a compartment is not occupied between rotations increases.  

 

Gross margin, calculated as revenues minus variable costs, increases with 5 to 11 euro per 

APF per year (+7% to +11%). This is mainly due to higher revenues, since costs hardly 

change. The gross margin increase is statistically significant at the 10% level.  

revenues (euro/APF.year) 319.0 327.9 8.8 0.033*

variable costs (euro/APF.year) 242.0 245.7 3.7 0.11

gross margin (euro/APF.year) 77.0 82.2 5.1 0.081

nitrogen balance (kg/APF.year) 11.3 11.5 0.2 0.26

eco-efficiency (euro/kg) 6.86 7.20 0.34 0.34

revenues (euro/APF.year) 346.7 353.8 7.0

variable costs (euro/APF.year) 262.7 262.6 -0.2

gross margin (euro/APF.year) 84.0 91.2 7.2

nitrogen balance (kg/APF.year) 12.4 12.0 -0.4

eco-efficiency (euro/kg) 6.79 7.61 0.82

revenues (euro/APF.year) 385.2 394.1 8.9

variable costs (euro/APF.year) 291.3 289.5 -1.8

gross margin (euro/APF.year) 94.0 104.6 10.6

nitrogen balance (kg/APF.year) 14.0 13.5 -0.5

eco-efficiency (euro/kg) 6.70 7.76 1.06

SDW: strategic deworming; APF: average present finisher

* p < 0.05

N.R.: not registered

p-value

1

2 N.R.

3 N.R.

Experiment 

number
Aggregate effect

Pre-

treatment
SDW trial

Absolute 

difference
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The change in nitrogen balance can also be explained by synergetic and counteracting driving 

factors. The nitrogen balance decreases with a better feed conversion. However, when more 

pigs are finished due to a lower mortality, more feed is consumed. The balance also increases 

with an improved average daily weight gain because more piglets are started up within a 

given time period. For experiments 2 and 3, the improved nitrogen balance reinforces the 

increase of gross margin, leading to a pronounced improvement of eco-efficiency (+12% and 

+16%). For field experiment 1, the increased nitrogen balance counteracts the improved gross 

margin, resulting in a less pronounced increase of eco-efficiency (+5%).   

 

For experiment 1, above partial budgeting uses both statistically significant and insignificant 

parasitological research results. If only the statistically significant change in mortality (p-

value = 0.0042) is included in the analysis, a gross margin increase of 2.9 euro per APF per 

year (p-value = 0.38) is obtained, compared to the increase of 5.1 euro per APF per year (p-

value = 0.081) when all parasitological research results are included. This illustrates the 

necessity to include statistically significant and insignificant research results in the 

production-theory based partial budgeting.  

 

The partial budgeting results also illustrate the leverage effects on the overall economic or 

environmental outcome. In experiment 1, for example, SDW causes revenues to increase with 

2.8%, while variable costs increase with 1.5%. Since revenues increase more than variable 

costs and gross margin is defined as the difference between revenues and variable costs, the 

change in terms of percentage of the gross margin is more elevated (+6.8%). For experiments 

2 and 3, the leverage effect is even more pronounced because revenues increase and variable 

costs decrease. Despite this leverage effect on the gross margin, the SDW impacts are only 

statistically significant at the 10% level. Apparently, the variation in zootechnical key 

performance indicators is also amplified when using them in the production-theoretical 

framework.  

 

In order to see whether results are robust with respect to the well-known pig cycle, we 

perform a sensitivity analysis. We use pig prices that fluctuate with 10% to 20%. The absolute 

impact of SDW on the gross margin decreases and becomes statistically more insignificant 

when the pig price diminishes. The impact of SDW becomes only statistically significant (at 

the 5% level) when the pig price is 20% higher. Nevertheless, the more pronounced leverage 
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effect causes the relative impact on the gross margin to be more elevated when the slaughter 

pig price is lower. A similar analysis, with a 10% to 30% variation in the feed price, shows 

that absolute impacts of SDW on the gross margin are more or less independent from the feed 

price level. Relative impacts become important in unfavourable markets conditions. This 

indicates that SDW can be an interesting option for both the risk-averse and the profit 

maximizing farmer. 

 

5.3.3. Frontier analysis 

Applying SDW improves both input and output oriented technical efficiencies (Table 5.6). 

The effect is less pronounced for experiment 1 (+0.007 or +0.7%) and most pronounced for 

experiment 3 (+0.014 or +1.4%). In general, allocative efficiency levels hardly change. For 

experiments 2 and 3, cost allocative efficiency slightly increases and strengthens the technical 

efficiency improvement, resulting in a more pronounced improvement of cost efficiency. For 

experiment 1, the environmental allocative efficiency decrease compensates the technical 

efficiency improvement and results in a decrease of environmental efficiency. None of the 

efficiency changes is statistically significant. 
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Table 5.6. Efficiency effects of SDW 

 

 

Figure 5.1 illustrates (for illustrative purposes, exact proportions are not respected) the SDW 

effects on average efficiency levels, using unit-isoquants. A unit-isoquant represents the input 

substitution possibilities per unit of output. The unit-isoquant that represents the frontier is 

located closest to the origin. Allocative efficient input combinations are found where isocost 

or isonutrient lines are tangent to the isoquant (Coelli et al., 2007). 

 

 

 

technical (input oriented) 0.966 0.974 0.007 0.41

technical (output oriented) 0.967 0.974 0.007 0.41

cost 0.959 0.965 0.006 0.54

environmental 0.505 0.501 -0.004 0.29

cost allocative 0.992 0.991 -0.001 0.32

environmental allocative 0.522 0.515 -0.008 0.10

technical (input oriented) 0.968 0.979 0.011

technical (output oriented) 0.968 0.980 0.011

cost 0.960 0.973 0.013

environmental 0.504 0.511 0.007

cost allocative 0.991 0.993 0.002

environmental allocative 0.521 0.522 0.001

technical (input oriented) 0.973 0.987 0.014

technical (output oriented) 0.973 0.987 0.014

cost 0.962 0.977 0.016

environmental 0.498 0.505 0.007

cost allocative 0.989 0.990 0.002

environmental allocative 0.512 0.512 0.000

SDW: strategic deworming

N.R.: not registered

1

2 N.R.

3 N.R.

Experiment 

number
Efficiency type

Pre-

treatment
SDW trial

Absolute 

difference
p-value
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Figure 5.1. Efficiency effects of SDW in a unit isoquant framework 

 

SDW increases input oriented technical efficiency: the corresponding unit-isoquant shifts 

towards the frontier. The same amount of kg marketable pigs can be produced with less feed 

and rotations. The increase in input oriented technical efficiency is a straightforward 

consequence of improved feed conversion and mortality. For each experiment, more rotations 

and less feed have to be used per kg of marketable pig production in order to increase cost and 

environmental allocative efficiencies. Consequently, input substitution yields a positive trade-

off between economic and environmental performance. Improving economic performance 

through using more rotations and less feed corresponds to increasing environmental 

performance. 

 

The graphical representation helps to explain why SDW in experiment 1 causes both cost and 

environmental allocative efficiencies to diminish. The decreased mortality causes more feed 

to be used per rotation since more pigs are finished. Mortality also diminishes substantially in 

Number of rotations per 

kg marketable pig 

Cost allocative 

efficient 

Environmental 

allocative efficient 

Pre-treatment 

SDW trial 

Experiment 1 

Experiment 2 

Experiment 3 

Frontier  

0 

═ 

║ 

Kg feed per kg 

marketable pig 
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experiment 3. Here, allocative efficiencies do not decrease because the decreased mortality is 

compensated by an improved feed conversion. A better feed conversion results in less feed to 

be used per rotation if the slaughter weight remains unchanged.  

 

Table 5.7 presents the additional income that can be gained through producing cost allocative 

efficient. In experiment 1, SDW causes the potential improvement margin to increase since 

cost allocative efficiency decreases. Cost allocative efficiency levels increase in the other 

experiments, resulting in decreased potential improvement margins. 

 

Table 5.7. Improvement margins (euro per kg marketable pig) through optimizing cost 

allocative efficiency  

 

 

Although frontier analysis has more diagnostic power than partial budgeting, results are less 

discriminatory. The efficiency scores do not change substantially due to SDW. This is mainly 

because frontier analysis only considers price (and nutrient content) proportions to detect 

allocative efficient combinations of inputs. Absolute price levels are not taken into account. 

 

5.3.4. Upgrading results to farm-specific information 

So far, a production-theoretical framework is constructed to aggregate parasitological research 

results on SDW. Based on the assessed changes in production-theoretical key performance 

indicators, partial budgeting and frontier analysis are used to obtain an improved diagnosis of 

economic and environmental effects. The question is now how these results can be 

extrapolated to practical situations. Can they be linked to individual farm data and allow for 

farm-specific advice?  

 

To upgrade results for farm-specific decision support, we use frontier analysis in combination 

with partial budgeting. We start from both input and output oriented technical efficiency 

scores of each of the 117 farms of the FADN sample. Compared to this sample, the 

experimental pre-treatment data show already high efficiency scores. This might indicate that 

Experiment number Pre-treatment SDW trial

1 0.0069 0.0076

2 0.0073 0.0058

3 0.0097 0.0081

SDW: strategic deworming
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the experiments may be too optimistic and hampers a direct extrapolation of the efficiency 

scores obtained under SDW to a larger sample of real farms. However, since technical 

efficiency improvements due to SDW are rather robust for the three experiments, efficiency 

shifts are used for extrapolation purposes. For each of the 117 farms of the FADN data 

sample, the average relative input and output oriented technical efficiency improvements of 

the three experiments (respectively +1.12% and +1.11%) are applied. After these 

improvement are translated into new production-theoretical key performance indicators, 

partial budgeting is used for calculating the expected new economic outcome. For the worst 

performing farm, the gross margin improves from 9.7 to 14.9 euro per APF per year (+54%), 

while for the best performing, the gross margin increases from 115.7 to 123.9 euro per APF 

per year (+7.1%).  

 

The developed user-friendly spreadsheet allows for linking efficiency changes due to SDW to 

farm-specific data, in order to assess ex ante farm-specific impacts of SDW. 

 

5.4. Conclusion 

This paper uses production theory and adopts methods from managerial sciences to upgrade 

partial information from parasitological research for farm-specific decision support. The 

particular case of SDW shows the indispensability of a coherent production-theoretical 

framework to integrate synergetic and counteracting parasitological research results. The 

framework consists of an appropriate definition of production-theoretical key performance 

indicators, a qualitative linking of traditional and production-theoretical key performance 

indicators and a quantitative translation of this link. 

 

Having production-theoretical key performance indicators then enables an improved partial 

budgeting and frontier analysis, well-known in management sciences. Both methods appear to 

be very complementary. Frontier analysis provides a more powerful diagnosis through 

positioning farms in a larger sample, indicating optimization pathways and analyzing 

economic-environmental trade-offs. Partial budgeting yields more discriminatory and 

communicative results, but only provides a discrete outcome, without indicating further 

optimization possibilities. Optimization becomes of particular interest for farms when 

improvement margins are small and farm income is under pressure.  
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Application of the production-theoretical framework on SDW in pig finishing shows a win-

win effect on economic and environmental performance. Positive effects are obtained under 

varying market conditions. This is mainly due to technical efficiency improvements, which 

can be an important guideline for the individual farmer to translate generic experimental 

information to farm-specific conditions. Through the leverage effect, minor productivity 

changes due to SDW have an amplified impact on farm income. Spreadsheet models going 

beyond traditional partial budgeting may help the farm-specific translation from trial to farm. 
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Chapter 6 

Frontier-analysis-based decision support system for 

improving economic and environmental 

performances of pig farms: the case of Pigs2win 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contribution to thesis: 

Whether the improved production-theory-based insights on economic-environmental trade-

offs effectively result in better decision support in practice depends on their successful 

incorporation in decision support systems (DSSs). The challenge is to construct tools that 

comply with the critical success factors of DSSs. In this chapter, a participatory approach is 

used to develop a frontier-analysis-based DSS for pig farms that integrates the diagnosis of 

farm-specific economic-environmental trade-offs and the simulation of improvement options. 

The incorporation of frontier analysis in DSSs is particularly challenging because of the 

mathematical complexity of the method and the fact that direct results (efficiency scores) are 

weakly communicative. 

 

 

 

This chapter has been submitted as: 

Van Meensel, J., Kempen, I, Lauwers, L., Dessein, J., Van Huylenbroeck, G., 2010. Frontier 

analysis as part of successful agricultural decision support systems: the case of Pigs2win. 

Submitted to Decision Support Systems. 
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Paper abstract 

 

This paper explores the incorporation of frontier analysis into agricultural decision support 

systems (DSSs). A DSS called Pigs2win has been developed for Flemish pig farms, where the 

main decision problem is to keep up productivity while reducing environmental impact. A 

participatory approach involving stakeholders appears to have been indispensible for both 

designing and evaluating this DSS. As a result of this approach, Pigs2win complies with 

multiple success factors of DSSs. Perceived usefulness and accessibility, or ease of use, are 

the success factors that are mostly related to the incorporation of frontier analysis. Perceived 

usefulness is positively affected by the added value of frontier analysis to traditional decision 

support, which consists of  the identification of relevant benchmarks and improvement paths 

for analyzed farms. Accessibility of the DSS is maintained through safeguarding the user 

against the complexity and specific terminology of frontier analysis. Communication between 

user and DSS is done with appropriate key performance indicators (KPIs) that are 

traditionally used for agricultural decision support. The user only has to get used to the 

production-theoretical input-output reasoning, instead of merely thinking in partial KPIs. 

 

 

Keywords: frontier analysis, decision support, pig farming, critical success factors, 

participatory approach 
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Chapter 6 

Frontier-analysis-based decision support system for improving 

economic and environmental performances of pig farms: the case 

of Pigs2win 

 

 

6.1. Introduction 

Today‟s decision makers need to find good solutions to increasingly complex problems 

(Maturana et al., 2004; Power and Sharda, 2007). Farm decision making is no exception. Due 

to the intensification of agricultural production and concerns relating to environmental 

impacts, farmers are now required to deal with a wider range of issues (Greer et al., 1995; 

Walker, 2002). As the complexity of decisions increases, managers increasingly lack the 

necessary expertise to make decisions that integrate the range of issues involved (Walker, 

2002). Decision support systems (DSSs) aim to help managers with their decision-making by 

offering information access, model analysis and supporting tools (Hung et al., 2007).  

 

Despite the wealth of available technologies, decision support has widely failed to fulfill 

expectations (Lyytinen and Hirschheim, 1987; Lu et al., 2001; Walker, 2002; Mysiak et al., 

2005). Many studies report on the poor uptake of agricultural DSSs (e.g. McGregor and 

Thornton, 1990; Guerin and Guerin, 1994; Hochman et al., 1994; Greer et al., 1995; Cox, 

1996; Kuhlmann and Brodersen, 2001; McCown, 2001; McCown, 2002a, McCown, 2002b; 

Parker and Sinclair, 2001; Walker, 2002; Kerr, 2004; Little, 2004; Lynch and Gregor, 2004; 

Mackrell et al., 2009). Reasons for the low adoption rate include that the DSS is too complex, 

uses a terminology and logic unfamiliar to farmers, is not frequently updated, requires tedious 

data input, is irrelevant, unreliable and/or inflexible and is not easily accessible for users. The 

gap between science and practice is also often mentioned as a reason why DSSs are not 

implemented. 

 

Frontier methods are an example of methods frequently used in management science for 

measuring a firm‟s performance (see Coelli et al. (2005) for an introduction to frontier 

analysis). Technical, economic and/or environmental performance is measured by positioning 
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firms against a best practice frontier. Frontier methods not only provide realistic benchmarks 

for farms (Gerber and Franks, 2001; Van Meensel et al., 2010a), they also allow for analysis 

of economic-environmental trade-offs (Van Meensel et al., 2010b). Nevertheless, to our 

knowledge, no operational decision support tool currently exists that makes use of frontier 

analysis.  

 

The objective of this paper is to explore the use of frontier analysis for decision support 

purposes. How can frontier analysis be incorporated in DSSs that comply with the success 

factors of such tools? This paper presents a DSS developed for farrow-to-finish farms called 

Pigs2win. Decision making in pig farming can be considered to be a typical case of 

maintaining productivity while reducing environmental impacts. 

 

The paper is structured as follows: after this introductory section, section 6.2 describes the 

research context and participatory method used for designing and evaluating Pigs2win. 

Section 6.3 presents the Pigs2win DSS and how frontier analysis is incorporated into the tool. 

Section 6.4 puts forward critical success factors of DSSs and describes how the participatory 

method resulted in features of Pigs2win that deal with these factors. This section also 

highlights the interference between frontier analysis and success factors. Section 6.5 

concludes.  

 

6.2. Research context and method 

Pigs2win was developed as part of a four-year research project (2005-2009). The aim of this 

project was to reconcile higher income and less nutrient emissions in Flemish pig farming 

through improved diagnosis of possible interventions. We paid special attention to 

communicating the results of this diagnosis to farmers in order to allow them to adapt their 

decisions and farm management appropriately. Regular meetings with stakeholders took place 

in order to report results and evaluate, adjust and fine-tune research efforts. These stakeholder 

meetings formed the basis of a practical aim of this project, namely to construct a DSS that 

helps pig farmers evaluate their decisions in terms of income and nutrient emissions. 

 

Flemish pig farms represent a very relevant case. Since the Flemish pig sector is not 

subsidised, pig farms aim to optimise production using well-organised farm advice. Advice is 

mainly based on the use of traditional key performance indicators (KPIs). Popular KPIs are 
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feed conversion (kg feed per kg live weight gain), production costs (euro per kg produced live 

weight) and labor income (expressed per delivered pig, average finisher present, or labor 

unit). Frontier methods are currently not used for pig farm advice, mainly because farmers 

and advisors are not familiar with these methods. They are, however, generally very familiar 

with traditional KPIs. 

 

We used a participatory approach to design and evaluate Pigs2win. Various stakeholders were 

involved during the whole development process of the tool. Stakeholders include model 

developers, scientists, pig farmers, pig farm advisors, representatives of feed and veterinary 

companies, officials and representatives of farm interest groups. The participatory process 

enables iterative adjustment and refinement of Pigs2win in order to meet the requirements of 

the stakeholders.  

 

Multiple authors emphasise the positive impact of participatory processes on DSS‟ success 

(e.g., Land and Hirschheim, 1983; Finlay and Forghani, 1998, Parker and Sinclair, 2001; Van 

Bruggen and Wierenga, 2001; Carberry et al., 2002; Walker, 2002; Lynch and Gregor, 2004; 

Mysiak et al., 2005; Olsson and Andersson, 2007). Walker (2002) sees decision support both 

as a product and a highly participative and iterative process. Integrating researcher, developer 

and user perspectives is critical for needs analysis and for monitoring and evaluating the 

impact of system development, delivery and use. Van Bruggen and Wierenga (2001) state that 

a demand-oriented approach to the design and implementation of DSSs is important for these 

systems to be successful.   

 

Evaluation of a DSS is a fundamental step to success (Borenstein, 1998). Evaluation usually 

consists of verification and validation (Papamichail and French, 2005). O‟Keefe et al. (1987) 

define verification as building the system right and validation as building the right system. 

Verification is part of the validation: a system that has not been built right is unlikely to be the 

right system (O‟Keefe and Preece, 1996). In order to evaluate Pigs2win, the method proposed 

by Borenstein (1998) is used. This method incorporates evaluation in the development cycle 

of the DSS. If deficiencies are identified early on in the system‟s development cycle, 

corrective actions can be taken that are easier to carry out in the early development phase. 

Borenstein‟s evaluation method consists of laboratory testing followed by field test validation. 

Laboratory testing starts with a face validation and a subsystem verification and validation, 

followed by a predictive validation and finally a user validation.  
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A face validation aims at obtaining consistency between the developer‟s and potential user‟s 

view of the problem. In our case, face validation is done by performing various explorative 

data studies and presenting results to the stakeholders before starting to build the actual DSS. 

Results of these studies reveal substantial variation in economic and environmental 

performances of pig farms and the need for possible mechanisms that can improve both 

performances. Subsystem verification and validation consists of testing, verifying and 

validating the different DSS modules as they are developed. This is done separately for each 

subsystem of Pigs2win involving both system developers and stakeholders. For the predictive 

validation, a few farms are considered that have received farm advice in the past. Results of 

Pigs2win are compared with this advice. For user validation, interested parties who are not 

involved in the model‟s origins and development determine whether or not the model‟s results 

can be used for decision support. For Pigs2win, user validation is done by allowing visitors of 

a pig-farming exhibition to explore and comment on the tool.  

 

Finally, field test validation involves placing the DSS in the field and seeking to identify any 

performance errors that occur. Pigs2win‟s field tests consist of using the tool during farmer 

group meetings that aim to analyse and improve performance by comparing results between 

farms.       

 

6.3. The Pigs2win DSS 

The use of Pigs2win consists of three stages: input, diagnosis and simulation (Figure 6.1). The 

input stage introduces farm-specific data that will be analysed. The diagnosis positions the 

analysed farm against other farms and implies a comparison of technical, economic and 

environmental KPIs. This allows suboptimal KPIs for the analyzed farm to be identified. The 

simulation then assesses the potential effect of improving one or more of these KPIs on the 

aggregate economic and environmental performance of the farm. 
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Figure 6.1. Structure of Pigs2win 

 

In the following subsections, a fictitious farm („farm A‟) will be used to describe the three 

stages of Pigs2win. The set of reference farms, used for comparison of the analysed farm, 

consists of 60 farrow-to-finish farms from the Belgian Farm Accountancy Data Network 

(FADN). Data for three consecutive years (2005-2007) are pooled to reduce possible 

measurement errors. 

 

6.3.1. Input 

The data input consists of thirty KPIs that the user of Pigs2win has to introduce. The required 

KPIs are measured and available in most current accountancy systems. Ratio KPIs (e.g., feed 

conversion, average daily weight gain, etc.) are avoided as much as possible. Instead, 

Pigs2win requires the constituting components of the ratios to be used, as ratios can be 

defined and calculated in a different way depending on the accountancy system. In case a 

ratio KPI is required, a clear definition of the KPI is provided. 

 

The required KPIs encompasses figures concerning both breeding and pig finishing. In the 

following analysis, piglets are supposed to enter the finishing phase when they weigh about 

22 kg. This is because the FADN reference farms also consider 22 kg as the transition 

between breeding and finishing. In order to avoid erroneous analysis, both the analysed farm 

and reference farms must make a similar distinction between breeding and finishing. The 

value of multiple KPIs (finishing period, feed use during finishing period, etc.) depends on 

this distinction.  

KPIs that can 

be improved by 

the farm 

INPUT 

Farm-

specific 

data 

DIAGNOSIS 

How does the 

farm perform 

in comparison 

to other farms? 

SIMULATION 

What is the effect 

of improving one or 

multiple KPI(s) on 

aggregate economic 

and environmental 

performances of the 

farm? 

KPI: Key performance indicators 
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6.3.2. Diagnosis 

In order to position farm A against the set of reference farms, basic production theory is 

applied. The output of farrow-to-finish farms is kilogram marketable pig, while the main 

variable input is feed. Pigs2win distinguishes between feed used for breeding and feed used 

for pig finishing
4
. By considering these inputs per unit of output, farm A can be positioned 

graphically against the set of reference farms (Figure 6.2). This positioning merely reflects 

technical performance, without considering price.  

 

 

 
Figure 6.2. Positioning of farm A based on input use and output production 

 

Figure 6.2 shows that, compared to farm A, multiple farms use less of both breeding and 

finishing feed inputs per unit of output. This means that farm A is technically inefficient. 

Frontier methods consider a movement of farm A along the improvement path towards the 

origin of the co-ordinate as an improvement in technical efficiency. Less of both inputs are 

                                                
4 In order to obtain a relevant comparison between farms, only the farrow-to-finish process of the farms is 

considered. If a number of piglets are sold, they are nevertheless assumed to complete the pig-finishing process. 

This requires a correction of the kilograms marketable pig and feed use for pig finishing. The amount of feed 

used to produce these piglets is indeed already embodied in the input feed use for breeding. 
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used per unit of output but the proportion of inputs remains the same. Technical efficiency 

reflects the extent that a minimum amount of inputs is used per unit of output. 

 

Pigs2win first considers this improvement path for technical efficiency. KPIs are compared 

between farm A and farms that are situated along the improvement path. Next, the user of 

Pigs2win may freely choose another improvement path and select farms to compare with 

along this path. This is because certain pig farms may only be able to improve their breeding 

activity and not their pig-finishing activity or vice versa and will therefore prefer a vertical or 

horizontal improvement path rather than a radial one. 

 

To illustrate the diagnosis, we follow the improvement path that implies an increase in 

technical efficiency. Pigs2win automatically selects the four farms that are situated closest to 

the technically efficient point of farm A (see Figure 6.2). Coelli et al. (2005) define this point 

as target. In order to assess this target, the frontier method Data Envelopment Analysis (DEA) 

is used. DEA involves linear programming to construct a nonparametric piece-wise frontier 

over the data. The target of farm A lies on the intersection between the frontier and the 

improvement path towards the origin of the co-ordinate. Note that technical efficiency scores 

are calculated relative to this frontier and are situated between 0 and 1, with a value of 1 

indicating a point on the frontier and hence a fully technically efficient farm. Comprehensive 

reviews of the DEA methodology can be found in Charnes et al. (1995) and Cooper et al. 

(2000). Van Meensel et al. (2010a) elaborate on the use of DEA for benchmarking purposes 

in pig farm analysis. 

 

Table 6.1 compares technical, economic and environmental KPIs between farm A and the 

four selected reference farms situated along the improvement path identified with frontier 

analysis. The gross margin is lowest for farm A. Revenues are lower for reference farms 41 

and 59 but these farms have also lower variable costs, resulting in a higher gross margin. 

Technically, farm A scores badly for feed conversion, average daily weight gain and feed use 

per sow. Further, the litter size is higher for reference farms 21, 41 and 37. The lower average 

daily weight gain results in a longer finishing period. Despite the bad feed conversion, feed 

costs for finishing pigs are lower for farm A compared to farm 21 and comparable to the feed 

cost of farm 37. This is because farm A has a lower price for feed used for pig finishing. The 

bad feed conversion and high feed use per sow also result in the highest nitrogen balance for 
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farm A. Through optimizing technical efficiency, farm A can improve both gross margin and 

nitrogen balance, implying an economic-environmental win-win situation. 

 

Table 6.1. Comparison of KPIs between farm A and farms situated closest to the technically 

efficient point of farm A 

 

 

Table 6.1 adds price information to the merely technical performance analysis in Figure 6.2. 

Results indicate that separating prices from technical information provides an added value to 

the diagnosis. 

 

Economic and environmental performances are expressed per nutrient emission right (NER) 

used, which is a limiting factor on Flemish pig farms. The number of NERs used can easily be 

calculated starting from the number of average present finishers, piglets and sows on the farm, 

which are monitored in most accountancy systems. The user of Pigs2win also has the 

opportunity to analyze results expressed per sow or per occupied pig place, which are the 

other limiting factors on a pig farm.  

 

Farm A
Reference 

farm 1

Reference 

farm 2

Reference 

farm 3

Reference 

farm 4

Farm number 21 59 41 37

Variable costs (euro/NER used.year) 8.46 8.98 7.03 6.91 7.98

                Feed costs finishing pigs (euro/NER used.year) 4.79 5.03 4.46 4.14 4.77

                Feed costs piglets (euro/NER used.year) 1.02 1.21 0.63 0.78 0.94

                Feed costs sows (euro/NER used.year) 1.10 0.96 1.21 1.14 1.18

                Other variable costs pig finishing (euro/NER used.year) 0.57 0.57 0.15 0.20 0.27

                Other variable costs breeding (euro/NER used.year) 0.87 1.17 0.59 0.62 0.85

Revenues (euro/NER used.year) 10.33 12.88 9.91 10.07 11.90

Gross margin (euro/NER used.year) 1.87 3.89 2.88 3.16 3.93

Nitrogen balance (kg/NER used.year) 0.61 0.57 0.49 0.51 0.53

Feed conversion (kg/kg) 3.41 2.82 2.87 2.96 2.84

Average daily weight gain (kg/day) 0.561 0.668 0.575 0.576 0.671

Delivery weight (kg) 110 111 105 101 118

Finishing period (days) 157 137 149 138 146

Mortality (% ) 2.72 1.91 2.15 1.19 3.56

Litter size (number of live born piglets per litter) 8.25 10.71 7.84 9.22 8.78

Litter index (number of litters per sow per year) 2.18 2.43 2.03 1.84 2.25

Mortality of the piglets (% ) 6.75 13.40 3.27 10.19 14.55

Number of piglets breeded per sow per year 17 23 15 15 17

Feed use per sow (kg/sow.year) 1070 1014 807 956 918

Technical efficiency 0.82 0.97 0.96 0.96 0.94

Price per kilogram marketable pig (euro/kg) 1.120 1.151 1.090 1.059 1.187

Price feed for finishing pigs (euro/kg) 0.188 0.193 0.209 0.186 0.198

Price feed for piglets (euro/kg) 0.306 0.292 0.283 0.349 0.416

Price feed for breeding (excluding feed for piglets) (euro/kg) 0.189 0.197 0.216 0.185 0.195

NER: nutrient emission right
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The above analysis compares the performance of farm A with the farms situated closest to the 

technically efficient point of farm A. In practice, however, farms do not usually evolve from 

relatively inefficient to fully efficient all at once. Instead, improvements are mostly stepwise. 

Pigs2win incorporates these stepwise improvement analyses through comparing the 

performance of farm A and farms that are more technically efficient than farm A but less 

technically efficient than the farms that are situated closest to the technically efficient point of 

farm A. Based on the technical efficiency scores, a cluster analysis is performed for the set of 

reference farms. Within each cluster, Pigs2win selects the four farms that are situated closest 

to the improvement path that represents a technical efficiency improvement of farm A. 

Similar to the comparison above, performances are compared graphically and numerically 

between farm A and the selected farms in each cluster. 

 

The diagnosis leads to the detection of suboptimal KPIs. Completing the diagnosis for farm A 

indicates in our example that a first technical improvement can be achieved through 

improving feed conversion, litter size and/or average daily weight gain. Input and output 

prices of farm A can be considered as average values within the set of reference farms. 

 

6.3.3. Simulation 

The simulation allows for graphical and numerical assessment of the effect of an 

improvement of one or several KPI(s). Table 6.2 provides the list of KPIs that can be used for 

simulation. The user determines whether simulation is done with one or multiple KPI(s). The 

combination of KPIs used for simulation depends on the analyzed farm and/or improvement 

measure. 
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Table 6.2. List of KPIs for simulation 

 

 

The simulation starts from the actual situation of the farm. Contrary to the diagnosis, no 

correction is needed for farms that sell a different number of piglets. This is because 

performances are not compared between different farms. Instead, the actual situation of the 

farm is compared to a simulated situation. 

 

The user can choose between two scenarios: a variable or unchanged number of sows. The 

scenario choice influences the results of the simulation. The following example illustrates the 

scenarios: consider, ceteris paribus, an increase in litter size. If the number of sows is 

variable, this means that fewer sows are needed to produce the required number of piglets for 

filling the finishing capacity of the farm. If the number of sows remains unchanged, the 

surplus of piglets can be sold. However, within the existing pig-finishing capacity of the farm, 

selling piglets can be avoided through increasing the occupation of the finishing stable. 

Within the scenario of an unchanged number of sows, the user of Pigs2win can choose 

between selling the additional piglets and changing the occupation of the finishing stable. An 

increased occupation may also interfere with other KPIs (e.g., average daily weight gain, 

Breeding KPIs

Litter size (number of live born piglets per litter)

Litter index (number of litters per sow per year)

Mortality of the piglets (%)

Feed use per sow (kg/sow.year)

Other variable costs breeding, excluding feed costs (euro/NER used.year)

Feed use per piglet (kg/piglet)

Pig finishing KPIs

Feed conversion (kg/kg)

Average daily weight gain (kg/day)

Delivery weight (kg)

Mortality (%)

Other variable costs pig finishing, excluding feed costs (euro/NER used.year)

Finishing stable occupation

Non-occupancy time between two finishing rounds (days)

Stable area (m
2
) per piglet introduced in the finishing phase

Stable area used for pig finishing (m
2
)

Prices

Price per kilogram marketable pig (euro/kg)

Price feed for finishing pigs (euro/kg)

Price feed for piglets (euro/kg)

Price feed for breeding (excluding feed for piglets) (euro/kg)

Price per sold piglet (euro/piglet)

NER: nutrient emission right
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mortality rate, etc.). This interference is likely to be farm-specific. Therefore, the user 

determines both the KPIs that interfere and the extent of the simulated interference.   

 

All simulations take the limiting factors of the farm into account. For example, a Flemish pig 

farm is limited by the number of available nutrient emission rights on the farm, the number of 

sows that can be housed and the housing capacity that can be used for pig finishing. Pigs2win 

indicates if one of these limiting factors is exceeded during simulation, so that the user can 

adapt the simulation accordingly. 

 

The simulation possibilities of Pigs2win are illustrated by considering an improved feed 

conversion (+10%) and an increased litter size (+5%) for farm A. Furthermore, we assume 

that the number of sows remains unchanged. Figure 6.3 shows the technical movement of 

farm A. Due to the improved feed conversion, less feed is needed for pig finishing per 

kilogram marketable pig. The increased litter size results in more piglets. Since we do not 

simulate any change in occupation of the finishing stable, additional piglets are sold and the 

amount of marketable pigs remains unchanged. Since the additional piglets require some feed 

before they are sold, the amount of feed used for breeding increases a little. 

 

 
Figure 6.3. Effect of an improved feed conversion (-10%) and an increased litter size (+5%) 

on the position of farm A, assuming an unchanged number of sows 
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Table 6.3 numerically presents the effects of the simulation. Only the KPIs that change are 

reported. The simulation results in an economic-environmental win-win situation for farm A. 

The gross margin increases (+29%), due to decreased variable costs (-6%), while the nitrogen 

balance decreases (-11%). The improved feed conversion affects both feed costs for pig 

finishing (-11%) and the nitrogen balance. The increased litter size results in 111 additional 

piglets per year. These piglets are sold, resulting in a revenue of 0.13 euro per nutrient 

emission right (NER) per year. More piglets results in an increase in NERs used, which 

affects all KPIs that are expressed per NER. Note that the user of Pigs2win also has the 

opportunity to analyze results expressed per sow or per m2 stable area used for pig finishing.  

 

Table 6.3. Effect of an improved feed conversion (-10%) and an increased litter size (+5%) on 

the technical, economic and environmental KPIs of farm A, assuming an unchanged number 

of sows 

 

 

For the simulation above, we assumed both the number of sows and the occupation of the 

finishing stable to remain unchanged. Pigs2win can be used to compare these results with 

results obtained assuming an unchanged number of sows but a higher occupation of the 

finishing stable or assuming a variable number of sows. This flexibility allows for deriving 

the most profitable solution for farm A. 

 

Farm A Simulation %  difference

Variable costs (euro/NER used.year) 8.46 7.99 -5.5

                Feed costs finishing pigs (euro/NER used.year) 4.79 4.29 -10.5

                Feed costs piglets (euro/NER used.year) 1.02 1.07 4.5

                Feed costs sows (euro/NER used.year) 1.10 1.09 -0.5

                Other variable costs pig finishing (euro/NER used.year) 0.57 0.56 -0.5

                Other variable costs breeding (euro/NER used.year) 0.87 0.86 -0.5

Revenues from finishing pigs (euro/NER used.year) 10.33 10.28 -0.5

Revenues from selling piglets (euro/NER used.year) 0.00 0.13

Gross margin (euro/NER used.year) 1.87 2.42 29.1

Nitrogen balance (kg/NER used.year) 0.61 0.55 -10.5

Feed conversion (kg/kg) 3.41 3.07 -10.0

Litter size (number of live born piglets per litter) 8.25 8.66 5.0

Number of piglets breeded per sow per year 17 18 5.0

Number of sold piglets per year 0 111

Number of NERs used 25684 25818 0.5

Average present piglets 595 625 5.0

NER: nutrient emission right
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6.4. Success factors of Pigs2win 

This section describes how Pigs2win deals with factors that influence the success of a DSS. 

The participatory approach used for designing and evaluating Pigs2win resulted in features of 

Pigs2win that influence critical success factors of DSSs. Based on a literature review, we 

distinguish between the following critical success factors: perceived usefulness (see e.g., 

Davis, 1989; Davis, 1993; McCown, 2002a; Walker, 2002; Hartono et al., 2007), accessibility 

(see e.g., Davis, 1989; McCown, 2002a; Walker, 2002), flexibility (see e.g., Sharda et al., 

1988; McCown, 2002a; Walker, 2002; Liew and Sundaram, 2009), credibility (see e.g., 

Walker, 2002), maintenance and adaptability (see e.g. McCown, 2002b; Little, 2004) and 

intended users (see e.g., Canberry et al., 2002; McCown, 2002a). 

 

Table 6.4 gives an overview of outcomes of the participatory process, features of Pigs2win 

that originate from these outcomes and critical success factors that are affected by these 

features. Outcomes of the participatory process are presented as quotes put forward by the 

stakeholders involved.   
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Table 6.4. Participatory process outcomes, features of Pigs2win and critical success factors 

affected 

 

Outcome participatory process Feature of Pigs2win
Affected critical 

success factors

" Frontier analysis clearly has an added value 

but pig farmers cannot be expected to become 

familiar with this method"

Frontier analysis used for 

benchmarking and traditional KPIs 

for communication

PU, A, C

"A clear diagnosis of suboptimal KPIs is 

necessary, but the farmer also wants to know 

the effects of improving these KPIs"

The simple structure of Pigs2win 

consists of a diagnosis followed by 

a simulation

PU, A, C

"Farms that do not perform well do usually not 

evolve all at once to best performing farms"   

Diagnosis includes analyzing 

stepwise improvements
F, PU, C

"It should be clear whether a farm does not 

perform well due to techical inefficiency or due 

to prices"

Separating technical and price 

information
PU, A, C

"Farmers want to see their farm being 

positioned graphically against other farms"

Graphical and numerical comparison 

between farms
PU, A, C

"A farm can only be analyzed correctly if its 

data are correctly inserted into the tool"

Required data input (1) is available 

in most accountancy systems, (2) 

well-defined and (3) consists of few 

ratio KPIs

A, C

"For a correct interpretation of results, special 

attention has to be paid to the terminology of 

the KPIs used for interaction between user and 

tool"

Choice of terminology well-

considered with stakeholders
A, C

"Users should not have to buy additional 

software to apply the tool"
Tool built in Microsoft Excel A

"Farms may not be able to improve both pig-

finishing and breeding activities"

User can choose improvement path 

and reference farms to compare with
F, PU, C

"The KPIs chosen for simulation are highly 

farm-specific and measure-specific"

User selects the combination of 

KPIs used for simulation
F, PU, C

"If more piglets are breeded per sow, the 

operational decision of the farmer consists of 

selling the additional piglets, increasing the 

occupation of the finishing stable or reducing 

the number of sows"

Simulation under the scenarios of a 

variable or unchanged number of 

sows, possibly together with a 

change in occupation of the 

finishing stable 

F, PU, C

"It should be highlighted if a limiting factor of 

a farm is exceeded during simulation"

Simulation can be adapted if a 

limiting factor of the farm is 

exceeded

F, PU, C

"The set of reference farms has to be up-to-

date"

Little work needed to update the set 

of reference farms
MA

"Farm advisors are experienced in evaluating 

and comparing farm results"

Main users are intended to be farm 

advisors
IU

F: flexibility; PU: perceived usefulness; A: accesibility; C: credibility; 

MA: maintenance and adaptability; IU: intended users
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The following subsections provide more details on how the features of Pigs2win affect the 

different critical success factors. 

 

6.4.1. Flexibility 

Inflexible DSSs that address too small a part of a management task are unlikely to attain 

operational acceptance (Walker and Johnson, 1996). If users learn more about a certain 

decision problem, they may want to reduce decision uncertainty by analyzing the 

consequences of alternative scenarios (Sharda et al., 1988, McCown, 2002a, Liew and 

Sundaram, 2009). Olsson et al. (2007) indicate that the value of scenario modeling mainly 

lays in the possibility to compare the effect of different scenarios, not in providing exact 

quantifications. Power and Sharda (2007) mention that spreadsheet packages are appropriate 

for analyzing scenarios. By changing cell values and having all cell values re-evaluated, 

effects of these changes can be analyzed. 

 

The diagnosis in Pigs2win is flexible in the sense that the user can select improvement paths 

and reference farms for comparison, according to the improvement possibilities of the 

analyzed farm. The standard improvement path involves both an improvement in pig finishing 

and breeding, but also other improvement paths can be chosen. For example, if a farm can 

only improve its breeding activity, reference farms can be selected that perform better for 

breeding and similar for pig finishing. Moreover, besides comparing with the best performing 

farms, the user can also choose to analyze stepwise improvements of farm performance. 

 

The simulation can be considered an iterative process that can derive the most profitable 

solution for the analyzed farm. Four features of the simulation contribute to its flexibility:  

 The user selects the KPIs used for simulation. The combination of KPIs used for 

simulation depends on the farm and improvement measure under analysis. The user of 

Pigs2win is expected to be familiar with the specificities of the farm which influence 

the selection of KPIs used for simulation; 

 Simulation results can be compared under two scenarios: a variable or unchanged 

number of sows;  

 Under both scenarios, the user can opt for changing the occupation of the finishing 

stable;  
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 If one of the limiting factors of the farm is exceeded, the user can adapt the simulation. 

 

6.4.2. Perceived usefulness 

Perceived usefulness, or user relevance, is not only required for adopting DSSs but also for 

the period after adoption. A DSS may become obsolete once the user becomes familiar with 

the logic and is able to apply the system without using the tool itself (McCown, 2002a; 

Mysiak et al., 2005). 

 

Perceived usefulness of Pigs2win depends on the added value of the tool compared to 

traditional farm advice. Multiple features of Pigs2win determine this added value: 

 Frontier methods are used in combination with traditional KPIs. Frontier methods are 

used to identify benchmarks and improvement paths, while the decision variables to 

steer farmers towards an improvement are presented as traditional KPIs. Traditional 

KPIs as such do not suffice for identifying benchmarks and improvement paths. 

Suppose for example that the 10% farms with the best feed conversion serve as a 

benchmark for feed conversion, while the 10% farms with the lowest mortality rate 

serve as a benchmark for mortality rate. In that case, the benchmark farms for feed 

conversion may differ from the benchmark farms for mortality rate, resulting in an 

unrealistic combination of benchmarks. Frontier analysis avoids this problem by 

considering actual farms (or a linear combination of actual farms) as benchmarks. To 

do so, partial KPIs are integrated to input and output variables. Van Meensel et al. 

(2010a) elaborate on the combined use of frontier analysis and traditional KPIs for 

benchmarking and improvement path assessment; 

 Pigs2win links diagnosis and simulation. The diagnosis results in the identification of 

suboptimal KPIs, while the effect of improvements of these KPIs can directly be 

assessed with the simulation module; 

 Technical information related to transforming inputs into output is separated from 

price information. With Pigs2win, it becomes possible to analyze, for example, 

whether a farm has high revenues because of a high technical efficiency or because of 

a high pig price; 

 Analyzed farms are positioned both graphically and numerically against a set of 

reference farms; 
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 The flexibility of the diagnosis and simulation (see section 6.4.1) results in added 

value of the tool. 

 

Perceived usefulness of Pigs2win is also influenced by characteristics of the Flemish pig 

sector. As this sector is not subsidized and is characterized by strong (international) 

competition and fluctuating prices for pigs and resources, pig farms aim at optimizing 

production and often appeal to farm advice. Improvements of this farm advice are likely to be 

perceived as useful. 

 

6.4.3. Accessibility 

Accessibility, or ease of use, can be divided into physical (location of the DSS), technical 

(required technical resources and skills) and conceptual (complexity of the DSS) accessibility. 

In general, conceptual inaccessibility is most difficult to solve (Walker, 2002).  

 

Given the complexity of Pigs2win, special attention is paid to the conceptual accessibility. 

Conceptual accessibility is influenced by the structure of the tool, the way of incorporating 

frontier methods farmers and advisors are not familiar with and the way of communicating 

between tool and user.  

 

The structure of Pigs2win allows for exploring the problems of the analyzed farm and 

analyzing possible actions. This complies with the success factor mentioned by Mysiak et al. 

(2005), who state that successful DSSs facilitate exploration of the problem at hand to derive 

possible solutions and to discover and analyze underlying cause-effect relations. 

 

Users of Pigs2win do not a priori require any knowledge of frontier methods. The graphical 

input-output-based positioning of the farm in the tool provides the necessary production-

theoretical insights to interpret the frontier analysis-based results. Moreover, no jargon 

specific to frontier analysis is used for the communication of results, with the exception of the 

presentation of the „technical efficiency‟ score of the analyzed farm. 

 

The communication between tool and user is done by means of traditional KPIs combined 

with graphical representations of results. Also the data that have to be inserted by the user are 

traditional KPIs. The required KPIs are measured in most current accountancy systems. 
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Possible users of the tool were heavily involved in the choice of a clear terminology for these 

KPIs.  

 

Technically, Pigs2win is easily accessible. The tool is built in Microsoft Excel, which is 

probably the most popular spreadsheet application development environment today (Power 

and Sharda, 2007). The majority of potential users of Pigs2win are familiar with Microsoft 

Excel. Moreover, Pigs2win does not require much running time. Once the user has inserted 

the required data, results appear immediately. 

 

Since Pigs2win will be freely downloadable from the internet, physical accessibility will not 

be a problem. 

 

6.4.4. Credibility 

DSSs may fail simply because users are not confident about the reliability of the system and 

its outputs (Walker, 2002). Hockman et al. (1994) identify the paradox between the purpose 

of a knowledge-based system, which is to make available expertise that is beyond that of the 

user, and the confidence in a system, which is a prerequisite for acceptance by users. Highly 

participatory approaches may help to install confidence in a DSS (Hockman et al., 1994; 

Walker, 2002; Mackrell et al., 2009). Kuhlmann and Brodersen (2001) recommend that the 

credibility gap of farmers can be reduced through using simpler decision models to match the 

expertise of farmers.     

 

Most outcomes of the participatory process result in features of Pigs2win that influence the 

credibility of the tool (see Table 6.4). All features that affect flexibility (see section 6.4.1) or 

conceptual accessibility (see section 6.4.3) also influence credibility. The linkages between 

these critical success factors can be explained as follows: flexibility allows for generating 

realistic results by taking into account the specificities and improvement possibilities of the 

analyzed farm. Results need to be realistic in order to be reliable. Conceptual accessibility 

facilitates a correct data input and interpretation of obtained results. If results are correctly 

interpreted and seem logical to the user, the credibility of the system increases.   
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6.4.5. Maintenance and adaptability 

Successful DSSs should be easily maintained and adapted if new information becomes 

available (McCown, 2002b; Little, 2004). If Pigs2win wants to remain representative, the data 

set of reference farms has to be updated frequently to correspond with the current time period. 

Pigs2win is built in such a way that a data update requires little workload. Nevertheless, until 

now updating has to be done by the tool developer. In the near future, the tool will be adapted 

to allow the user to insert a set of reference farms. This might particularly be useful if the user 

has access to a large data set of pig farms (e.g., all farms in the same accountancy network).      

 

The analysis presented in section 6.3 uses reference farm data from FADN, where piglets are 

supposed to enter the finishing phase when they weigh about 22 kg. If a farm is analyzed 

using this set of reference farms, the data input should be based on the same distinction 

between breeding and finishing. Nevertheless, multiple accountancy systems use weaning age 

as the distinction between breeding and finishing. In order to be compatible with Pigs2win, 

data from such accountancy systems could be corrected. Unfortunately, such corrections 

require various assumptions, increasing the risk for making mistakes. A better solution is to 

compare only farms that have a similar accountancy system. Therefore, a second version of 

Pigs2win will be made available where both analyzed and reference farms consider weaning 

age as the distinction between breeding and finishing.  

 

6.4.6. Intended users 

Agricultural DSSs can be used by farmers and/or intermediaries (Canberry et al., 2002; 

McCown, 2002a). Pigs2win is in the first place constructed to be used by farm advisors, who 

may gain credibility if recommendations can be supported with findings of a DSS. Advisors 

are also expected to be experienced in evaluating and comparing farm results, and in 

searching for improvement options. Based on suboptimal KPIs, they must be able to propose 

the most suitable improvement option, given the specificity of the farm. If advisors use 

Pigs2win for multiple farms, they will also get used to applying the tool. This reduces the 

probability that incorrect data are inserted or that results are not interpreted correctly. 
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6.5. Conclusion 

This paper presents a designed and evaluated DSS for pig farms that incorporates frontier 

analysis. Pigs2win uses frontier analysis to identify relevant benchmarks and improvement 

paths for the analyzed farm. If the farm moves along relevant improvement paths, this should 

lead to an improvement of both economic and environmental performance. 

 

The use of a participatory approach for designing and evaluating Pigs2win causes the tool to 

comply with multiple critical success factors of DSSs. The critical success factors that are 

mostly related to the incorporation of frontier analysis are perceived usefulness and 

accessibility.  

 

Perceived usefulness is positively influenced by the added value of using frontier analysis for 

pig farm advice. At first, stakeholders were not keen on building a tool that uses a method 

they are not familiar with. This is mainly because existing pig farm advice is already well-

developed and performs well. However, an emphasis on the added value of frontier analysis, 

i.e., benchmarking and detecting improvement paths, led to a positive attitude toward 

Pigs2win. Moreover, instead of fully replacing the traditionally-used KPIs, Pigs2win brings 

together the best of both KPIs and frontier analysis.   

 

Accessibility is determined by the way frontier analysis is incorporated into the tool. To 

assure the accessibility of Pigs2win, the user is rarely confronted with the complexity of 

frontier analysis and the terminology specific to the method. The user only has to get used to 

the production-theoretical input-output reasoning, instead of merely reasoning in partial KPIs. 

The use of graphical representations in the tool helps the user to become confident with this 

input-output thinking. Moreover, the graphical representations help the user to see the added 

value of using frontier analysis. Hence, the way of incorporating frontier analysis affects not 

only accessibility, but also perceived usefulness. 

 

The ultimate aim of Pigs2win is to facilitate the selection of preferable management 

decisions. The DSS allows for identifying farm-specific suboptimal KPIs and assessing 

aggregate economic and environmental effects of improving these suboptimal KPIs. Pigs2win 

does not give any direct advice on which concrete management decision to take. The reason 

why some KPIs are suboptimal for a particular farm is after all highly farm-specific. 
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Therefore, we leave it to the user to detect preferable concrete management decisions, based 

on information on KPIs. We mainly see farm advisors as intended users of the tool, as they 

probably have the most knowledge of the set of available management decisions and their link 

with KPIs. Pigs2win allows for comparing aggregate effects of different management 

decisions under different scenarios (e.g. fixed or variable number of sows, fixed or variable 

finishing stable occupation). These scenarios are themselves part of a concrete management 

decision and allow for a detailed comparison. 

 

Pigs2win has now grown into a successfully developed and evaluated DSS. A participatory 

approach made it possible to effectively incorporate frontier analysis into the tool. The next 

step is to implement the system. Successful implementation may require substantial effort, 

from marketing the DSS to actively providing support to manage institutional barriers to 

adoption (Walker, 2002). 
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Chapter 7 

General conclusions and discussion 

The objective of this dissertation is to explore whether the use of production-theory-based 

methods can improve decision support for farms on improving economic performance and 

reducing environmental pressure. Successful decision support systems (DSSs) should comply 

with the following critical success factors: credibility, perceived usefulness, accessibility, 

flexibility, maintenance and adaptability and the selection of intended users. Related to 

economic-environmental decision making, literature mentions a lack of knowledge on 

underlying mechanisms that determine the farm-specific link between economic and 

environmental performances. This lack of knowledge makes it even more difficult to 

construct DSSs for economic-environmental decision making that meet the critical success 

factors of DSSs. 

 

This section first discusses how production-theory and production-theory-based methods 

contribute to improvements in economic-environmental decision support. We recall the five 

research questions put forward in the introduction of this dissertation and provide answers 

based on the previous chapters. Second, implications of the research findings for farmers, 

advisors and policy makers are discussed. Finally, some concluding remarks, general 

reflections and recommendations for further research are given. 

 

7.1. Added value of production theory to economic-environmental decision support  

Research question 1: does production theory contribute to improved theoretical insights on 

the farm-specific linkage between economic performance and environmental pressure and the 

underlying mechanisms that determine this linkage? 

 

Based on a literature review and theoretical considerations, chapter 2 provides findings that 

lead to an affirmative answer to this research question. Production theory contributes to 

improved theoretical insights on the economic-environmental relationship and underlying 

mechanisms that determine the relationship. Literature puts forward a number of points of 

attention to be taken into account when analyzing economic-environmental trade-offs. These 

points of attention include assessing the causality between economic performance and 
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environmental pressure and taking into account that trade-offs may be firm-specific and may 

depend on the market conditions and on the type and stringency of environmental regulation. 

As these points of attention influence the assessed trade-offs, they also cause the discrepancy 

between existing empirical research results. Chapter 2 demonstrates that the use of production 

theory allows for exploring how these points of attention influence economic-environmental 

trade-offs at farm level.   

 

In order to illustrate how production theory contributes to improved insights on economic-

environmental trade-offs at farm level, a production-theory-based trade-off framework is 

developed. The framework consists of theoretically consistent production, cost, revenue and 

emission functions and provides an explicit treatment of the materials balance principle, 

which is often neglected in production models that integrate environmental performance. 

Nevertheless, although the established framework allows for a didactical representation of the 

added value of production theory to trade-off analysis, a materials-balance-based framework 

also entails some limitations. The materials balance fails to take into account immaterial types 

of environmental pressure (e.g. noise, visual pollution etc.), the lack of universally accepted 

weights for different types of environmental pressure complicates their aggregation and the 

materials balance does not capture the change in entropy (i.e. second law of thermodynamics), 

which may also affect environmental pressure. As has been elaborated upon in the 

conclusions‟ section of chapter 2, these limitations can be dealt with through using the exergy 

concept, referring to the usefulness, value or quality of any form of mass and energy. By 

using this concept, both material and immaterial inputs and outputs can be described in terms 

of a common physical unit which expresses both the quantity and quality. The exergy balance 

differs from the materials balance in the sense that a new component is added which 

represents the destruction of exergy, which is proportional to the creation of entropy. 

 

By establishing the link between economic performance, environmental pressure and 

production, our theoretical elaboration addresses the causality question. It is shown that there 

is no direct causal link between economic performance and environmental pressure at farm 

level. Instead, the transformation of input(s) into output(s) is shown to be a driver for both 

performances. The improved insights show how different management interventions may 

result in different economic-environmental trade-offs. Moreover, the framework shows that 

trade-offs implied by management interventions are farm-specific. 
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The framework allows for analyzing trade-offs of both integrated pollution prevention 

measures, which are subdivided into efficiency improvements and measures that affect the 

production function, and additive end-of-pipe measures. A farm that operates on the 

production function (technical efficient farm) below its economic optimal scale (economic 

inefficient farm) obtains a negative economic-environmental trade-off through increasing 

input use and optimizing economic scale. Vice versa, if a technical efficient farm needs to use 

less input(s) to optimize economic scale, a positive economic-environmental trade-off results 

from reducing input use and optimizing economic scale. These differentiated insights on 

trade-offs follow from literature information, stating that economic optimal scale can be 

identified on the production function (see various standard economic textbooks), while 

increasing input use results in the production of more waste and therefore a reduced 

environmental performance, due to thermodynamic laws (Baumgärtner, 2004). Our 

theoretical elaboration also shows that, although more input use results in more waste, both 

marginal and average production of waste can be minimized along the nonlinear production 

function.    

 

When a farm uses multiple variable inputs (or produces multiple outputs), economic 

efficiency is not only determined by economic scale, but also by the combination in which 

these inputs are used (or outputs are produced). Moreover, in the case of multiple variable 

inputs (or outputs), both economic and environmental allocative efficient input (or output) 

combinations can be identified on the isoquant (or production possibility frontier), which is 

derived from the production function. Our theoretical framework shows that for some farms 

economic and environmental allocative efficiencies can be improved simultaneously, while 

for other farms an improvement of economic allocative efficiency corresponds to a decrease 

in environmental allocative efficiency and vice versa.  

 

For farms operating below the production function (technical inefficient farms), the 

theoretical framework shows that an increase in technical efficiency results in a positive 

economic-environmental trade-off. An increase in technical efficiency simultaneously 

increases economic and environmental efficiencies. Technical efficiency can be increased 

through a better management. 

 

Integrated pollution prevention measures that affect the production function may result in a 

positive or negative trade-off, depending on the change in economic performance. End-of-
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pipe measures may result in positive or negative trade-offs, depending on the type of measure. 

Our framework shows that waste disposal always implies a negative economic-environmental 

trade-off. Recycling and reclaiming, however, may result in a positive trade-off, if the 

recycling costs are compensated by the decrease in input costs. 

 

The established framework also shows how trade-offs may be influenced by changed market 

conditions and by the type and stringency of environmental regulations. Price changes may 

affect the loci of optimal economic scale and/or optimal economic allocative efficiencies, 

while environmental regulations may also influence the production function and the locus of 

optimal environmental allocative efficiency. If the location of performance benchmarks 

changes, economic-environmental trade-offs implied by improvement paths towards these 

benchmarks may also change. 

 

Research question 2: can production-theory-based frontier analysis be applied to obtain an 

improved diagnosis of economic and environmental performances, benchmarks, improvement 

paths and underlying mechanisms, and at the same time provide information that can easily 

be communicated to farmers? 

 

We use frontier analysis to apply the improved insights from the theoretical framework. 

Frontier analysis uses production-theoretical principles to position individual farms against a 

best practice frontier. Technical, cost and environmental efficiencies are assessed for a sample 

of pig-finishing farms. Cost and environmental efficiencies differ from technical efficiency in 

the sense that they add allocative aspects to technical aspects of production. In order to be 

able to decompose both cost and environmental efficiency into technical and allocative 

components, frontier methods are environmentally adjusted through incorporating the 

materials balance principle (as identified and formalized by Coelli et al., 2007).  

 

Results from chapter 3 show that the production-theory-based environmentally adjusted 

frontier methods provide additional diagnostics on farm-specific economic-environmental 

trade-offs. These additional diagnostics cannot be obtained with key performance indicators 

(KPIs), which are traditionally being used for farm advisory purposes, mainly due to the 

difficulty of finding relevant performance benchmarks. The frontier methods separate the 

physical production analysis from price information and environmental coefficients, as 

technical efficiency is distinguished from allocative efficiencies. This separation provides 
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information on underlying mechanisms that determine economic and environmental 

performances. Each farm can be positioned against technical, economic (allocative) and 

environmental (allocative) benchmarks. Based on this positioning, relevant farm-specific 

economic and environmental improvement paths can be put forward.  

 

Chapter 3 shows that the use of frontier analysis for the diagnosis of economic-environmental 

trade-offs also has some disadvantages when aiming at decision support in practice. 

Efficiency scores do not provide sufficient starting points to steer farmers towards changes, as 

farmers are expected not to be familiar with frontier analysis. Moreover, efficiency scores 

may be misleading in the sense that small improvement margins for efficiency scores may 

correspond to significant improvement margins for final economic and environmental 

performances. In chapter 3, we propose to take advantage of both methods by assessing 

reasonable benchmarks and improvement paths with frontier methods, while describing the 

decision variable to steer farmers towards changes in terms of traditional KPIs.   

 

Our application of frontier analysis for economic-environmental trade-off analysis illustrates 

several conclusions drawn from the theoretical framework constructed in chapter 2. First, 

results clearly show that trade-offs are farm-specific: some farms, for example, can improve 

simultaneously cost and environmental allocative efficiencies, while other farms reduce 

environmental allocative efficiency while improving cost allocative efficiency and vice versa. 

Second, it is shown that trade-offs depend on the applied management intervention: a 

management intervention that aims at improving technical efficiency always encompasses a 

positive trade-off, while an intervention focusing on allocative efficiencies may also imply a 

negative trade-off. Third, results confirm that trade-offs depend on the prevailing market 

conditions, as differences in input prices are shown to result in a different location of the 

benchmark for cost efficiency on the frontier. 

 

Research question 3: are the assessed performances, benchmarks and improvement paths 

influenced by the conventional frontier method (SFA or DEA) that is used? 

 

The curvature of the production function influences the loci for optimal economic and 

environmental efficiencies on the production function and may therefore affect economic-

environmental trade-offs (see chapter 2). Frontier methods estimate the production frontier 

through using econometrics or mathematical programming. The curvature of the estimated 
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frontier is an approximation of the „true‟ production function and depends on the frontier 

method that is used. Differences in curvature may result in different performance benchmarks 

and improvement paths. In this dissertation, we compare the use of Data Envelopment 

Analysis (DEA), generating a piecewise production frontier based on the data of the best 

performing units in the data set, and Stochastic Frontier Analysis (SFA), where a predefined 

production frontier is specified by the researcher and parameters are estimated using 

econometric techniques.  

 

Chapter 4 shows that SFA requires a restrictive functional form, in order to be able to assess 

simultaneously technical, cost and environmental efficiency benchmarks. Results show that, 

on average, SFA and DEA yield similar economic-environmental improvement paths. For 

particular farms, however, improvement paths may differ depending on the frontier method 

used. While both SFA and DEA are good estimators for technical efficiency, cost allocative 

and environmental allocative efficiency scores are less robust. Therefore, different frontier 

methods may yield different economic-environmental trade-offs for particular farms, in 

particular when allocative efficiency improvements are considered. One has therefore to be 

careful when using these frontier methods for farm-specific decision support. 

 

Research question 4: does the application of production-theory-based methods allows for an 

improved simulation of farm-specific effects of improvement options and management choices 

that aim at improving economic and/or environmental performances? 

 

Production theory not only contributes to an improved diagnosis of farm-specific economic-

environmental trade-offs. Chapter 5 shows that the use of production-theory-based methods 

also allows for an improved simulation of the effects of management decisions on economic 

performance and environmental pressure at farm level. A production-theoretical system 

analysis appears to be indispensable for integrating the effects on partial KPIs to account for 

the change in input use and output production. Our analysis show that the integration has to 

include both statistically significant and insignificant effects on partial KPIs. If only 

statistically significant effects are integrated, erroneous aggregate effects on economic and 

environmental performances are obtained. Based on the production-theoretical system 

analysis, a method like partial budgeting easily allows for assessing aggregate economic and 

environmental effects by relating the effects on input(s) and output(s) to respectively prices 

and environmental coefficients. Production-theory-based frontier analysis, however, not only 
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allows for assessing efficiency effects of management decisions, additional information is 

also provided under the form of additional optimization paths and implied economic-

environmental trade-offs.   

 

Research question 5: can production-theory-based frontier analysis be incorporated in DSSs 

aiming at farm-specific economic-environmental decision support and complying with the 

critical success factors of such systems? 

 

Whether the improved production-theory-based insights on economic-environmental trade-

offs effectively result in better decision support in practice depends on their successful 

incorporation in DSSs. The challenge is to construct tools that comply with the critical 

success factors of DSSs. In this dissertation, a frontier-analysis-based DSS that integrates the 

diagnosis of farm-specific economic-environmental trade-offs and the simulation of 

improvement options is developed for pig farms. The incorporation of frontier analysis in 

DSSs is particularly challenging because of the mathematical complexity of the method and 

the fact that direct results (efficiency scores) are weakly communicative. 

 

Chapter 6 shows that a participatory approach involving multiple stakeholders and possible 

end-users of the tool appears to be indispensable for complying with the critical success 

factors. Success factors that are mostly related to the incorporation of frontier analysis into 

DSSs are perceived usefulness and accessibility. Perceived usefulness is affected by the 

improved insights on economic-environmental trade-offs. Accessibility can be maintained 

through safeguarding the user of the tool against the complexity and specific terminology of 

frontier analysis. Instead, communication between user and tool can be done with KPIs that 

are traditionally used for agricultural decision support. The user then only has to get used to 

the production-theoretical input-output reasoning, instead of merely thinking in traditional 

KPIs. 

 

The DSS for pig farms has successfully been developed and evaluated. The next step is to 

implement the system. At the moment, a farm interest group has started to use the DSS for 

farm advisory purposes. Furthermore, together with stakeholders that were involved during 

the developing process, we are applying for a so-called demo project that specifically focuses 

on the implementation of the DSS.     
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7.2. Implications for farmers, advisors and policy makers 

Results from this research will have implications for farmers when production-theory-based 

DSSs for economic-environmental decision support are actually been implemented in 

practice. Therefore, it is important that developed DSSs comply with the critical success 

factors of such systems. If the DSSs are successfully implemented, it will become easier for 

farmers to take decisions in a complex decision environment. A production-theory-based 

DSSs that allows for revealing farm-specific mechanisms that result in economic-

environmental win-win situations will facilitate the selection of preferable improvement 

measures from the available set of measures. Moreover, economic-environmental effects of 

selected improvement measures can also be evaluated if the DSS contains a simulation 

module. Although a DSS may improve insights on economic-environmental trade-offs, the 

selection of preferable improvement measures still has to be done by the farmer, eventually in 

dialogue with farm advisors. 

 

Our research shows that production-theory-based DSSs can be successfully applied when 

farmers get confronted with a more comprehensive input-output reasoning. In practice, as is 

illustrated in this dissertation for the pig farming case, farmers often reason in traditional 

KPIs, which are only a partial measure of the input-output transformation. Farm advisors may 

help to learn farmers to think in input(s) and output(s). Therefore, we believe that it is most 

appropriate that farm advisors use the production-theory-based DSS and discuss the results 

with farmers. By using a DSS that complies with the critical success factors of such systems, 

farm advisors will be able to improve their farm advice and increase their credibility vis-à-vis 

the farmers. Eventually, developers of DSSs may provide trainings to farm advisors on how to 

use a developed DSS properly. 

 

Besides supporting farms with their decision making, the improved insights on economic-

environmental trade-offs may also help policy makers to select appropriate policy measures to 

steer farms towards positive economic-environmental trade-offs. Adequate policy measures 

should provide enough flexibility to farms, since our research shows that both preferable 

improvement paths and management activities are farm-specific. Also other authors (e.g. 

Majumdar and Marcus, 2001; Rennings et al., 2006; Burnett and Hansen, 2008)  argue that 

flexible regulations provide the highest incentive to farms to innovate and improve their 

productivity. Rennings et al. (2006) mention that market-based instruments (taxes, subsidies, 
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marketable permits…) are considered as providing more flexibility than command and control 

approaches (emission standards, equipment/process specifications…).  

 

In order to stimulate farmers to improve technical efficiency and obtain a positive economic-

environmental trade-off, emission taxes are probably more suitable than input and output 

taxes as flexible market-based policy instruments. Emission taxes may cause farmers to 

search for means to use less input to produce the same amount of output or to produce more 

output with the same amount of input. Input taxes are less suitable since a farm that increases 

its technical efficiency through producing more output with the same input would increase its 

environmental performance but still pay the same environmental regulation costs. Similarly, 

output taxes are less suitable since a farm that increases its technical efficiency through 

producing the same output with less input would still pay the same regulation costs. Output 

taxes would even result in more regulation costs if a farm improves its technical efficiency 

and produces more output with the same input.  

 

In order to improve allocative efficiencies, input and output taxes are also probably less 

suitable than emission taxes. This is because improvement paths for allocative efficiencies 

require different input (or output) substitutions for different farms, depending on the position 

of both the farm itself and the benchmarks for allocative efficiencies, as is shown in our 

research. Different input (or output) substitutions require different inputs (or outputs) to be 

taxed. Emission taxes, however, can be used to shift the private economic optimum towards 

the environmental optimum. If the private economic and environmental optima are situated 

close by each other, negative economic-environmental trade-offs are less likely to occur and 

an improvement path towards these optima implies more sustainability. The choice between 

different types of taxes is also discussed by Vatn (1998), who develops criteria to evaluate the 

superiority of different taxes in a mass balance and transaction cost perspective.  

 

Policy may also focus on stimulating the adoption of well-designed production-theory-based 

decision support tools for trade-off analysis. Policy initiatives (certificate, subsidy etc.) may 

aim at making farmers aware of the existence of such tools or may reward farmers that use 

such tools.   
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7.3. Concluding remarks, general reflections and recommendations for further research 

The dissertation shows how production theory contributes to improved economic-

environmental decision support at farm level. The scope of this research encompasses the 

pathway from theory to practical decision support. First, it is explored how production theory 

contributes to improved theoretical insights on the farm-specific relationship between 

economic performance and environmental pressure. Second, frontier analysis is used to make 

the improved theoretical insights operational. The application of frontier analysis results both 

in an improved diagnosis of economic-environmental trade-offs and in an improved 

simulation of economic and environmental effects of improvement options. Third, it is shown 

that the production-theory-based diagnosis and simulation of trade-offs can be incorporated in 

DSSs that comply with success factors of such systems. 

 

Based on our findings, some general reflections and some ideas for further research can be put 

forward. In the paragraphs below, the following issues are discussed: the contribution of our 

research to existing literature on economic-environmental trade-offs, the usefulness of frontier 

methods for trade-off analysis and the generalization possibilities of our research framework 

when other cases are considered. 

 

First, the main contribution of our research to existing trade-off literature is discussed. The 

added value of our research is that production-theoretical mechanisms are revealed that 

determine economic-environmental trade-offs at farm level. In existing theoretical and 

empirical literature, who have not been conclusive about the relationship between economic 

performance and environmental pressure, the need is expressed for exploring additional 

insights on the forces that drive the economic-environmental link. Literature also provides a 

list of factors that may affect economic-environmental trade-offs. In this dissertation, it is 

shown how production-theoretical mechanisms can be used to make explicit the link between 

trade-offs and the influencing factors mentioned in literature. These mechanisms not only 

allow for analyzing trade-offs of farms, but also of other types of firms. Our research shows 

that the partially conflicting trade-off paradigms found in theoretical literature are in fact 

complementary. They represent different stages of the trade-off curve, as it is shown that 

different management decisions may result in different trade-offs. 
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A second general reflection concerns the usefulness of conventional frontier methods for 

analyzing farm-specific economic-environmental trade-offs. The main advantage of using 

frontier analysis is that farms can be positioned against a best practice frontier, on which 

technical, economic and environmental benchmarks can be identified. Compared to KPIs, 

which are traditionally being used for farm advisory purposes, frontier analysis allows for an 

improved benchmarking. Moreover, these benchmarks allow for the identification of farm-

specific optimization paths. The main disadvantage of using conventional frontier methods for 

trade-off analysis is that different frontier methods may reveal different trade-offs for 

particular farms. This may in particular be a problem when aiming at farm-specific decision 

support. The curvature of the production frontier appears to be an important issue when using 

conventional frontier methods for the identification of farm-specific economic-environmental 

trade-offs. DEA uses a piecewise production frontier while SFA requires the use of a 

predefined and simple functional form to explore duality characteristics in order to assess the 

different types of efficiency. Further research may focus on the derivation of a production 

frontier that corresponds more to the actual production function. Techniques that combine the 

advantages of both conventional frontier methods (see e.g. Kuosmanen, 2007) may provide 

useful guidelines for this kind of research. 

 

Another point of attention for using frontier methods for trade-off analysis comes up when 

practical decision support is aimed for. Then, the challenge is to incorporate the advantages of 

frontier analysis into DSSs and at the same time safeguard the user of the DSS against the 

complexity and specific terminology of frontier analysis. It cannot be expected that the user is 

familiar with frontier methods.  

 

A last point of attention which is related to the use of frontier methods is that efficiency 

scores are assessed, assuming a homogeneous technology among the units in the dataset. In 

practice, farms, even within the same agricultural sector, may use different technologies, 

resulting in different curvatures of the production function, different prices and consequently 

leading to different economic-environmental trade-offs. Further research may aim at 

identifying how the existence of such different technologies and farming systems may be 

incorporated in a production-theory-based framework for trade-off analysis. 

 

A third general reflection concerns the case that is used. In this dissertation, economic-

environmental trade-offs are analyzed for pig farms. Our case considers nitrogen excretion as 
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a measure of environmental performance. Management interventions that are analyzed 

include technical, cost and/or environmental efficiency improvements. Our case does not take 

into account environmental policy measures, except for the change in required nutrient 

emission rights (NERs) that may occur when efficiency levels change, which has been 

accounted for in our developed DSS. The question is whether our research framework can be 

generalized when other and possibly more complex cases are considered. This question 

mainly has to be addressed in further research. Nevertheless, the following paragraphs 

provide already some indications for generalizing our research framework with this respect. 

 

Environmental pressure may not always consist of one material type of emission, as already 

discussed in section 7.1. It may be an aggregate construct of multiple emissions, may consist 

of immaterial types of pollution and/or may be caused by a change in entropy. In these cases, 

the exergy concept may be helpful to generalize our framework. Nevertheless, when the 

exergy concept is used as part of a practical DSS, additional attention has to be paid to the 

communication between tool and user, as managers or advisors cannot be expected to be 

familiar with this concept. 

 

Other cases may also require that additional management interventions are incorporated into 

the research framework. End-of-pipe measures, for example, may be analyzed in combination 

with the efficiency improvements that have already been taken into account in this 

dissertation. After all, the costs for applying end-of-pipe measures are likely to depend on the 

amount of environmental pressure that is created, which is determined by the efficiency of 

input-output transformation. This means that the benchmark (input-output combination) for 

minimizing environmental pressure also serves as a benchmark for minimizing costs for 

applying end-of-pipe measures. Our dissertation shows that this benchmark may differ from 

other economic performance benchmarks, such as the benchmark for minimizing input costs. 

Consequently, a more aggregate benchmark for economic performance can be identified 

where the sum of input costs and costs for applying end-of-pipe measures is minimized. 

Improvement paths may then consist of efficiency improvements towards this more aggregate 

benchmark for economic performance. 

 

The research framework may also have to consider the adoption of integrated pollution 

prevention activities that influence the production function. The use of, for example, 

additional or other inputs to reduce environmental pressure affects the production function. In 
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order to capture these pollution prevention activities in our research framework, the amount of 

prevented pollution can be incorporated as another good output. Coelli et al. (2007) point out 

that, in order to comply with the materials balance, the output of the pollution prevention 

activity should be included as a good output. Hoang and Prasada Rao (2010) provide a similar 

reasoning in case of the exergy balance. 

 

Other cases may also take into account environmental policy measures. Our research 

framework, which mainly focuses on efficiency improvements, can accommodate 

environmental policy measures, as long as they can be linked to the level of environmental 

pressure or to the input-output transformation. For emission taxes, for example, that directly 

depend on the emission level, a benchmark (input-output combination) can be identified that 

minimizes the amount of taxes paid. Also here, this benchmark can be combined with other 

economic benchmarks (e.g. for minimal input costs), in order to assess a more aggregate 

benchmark for economic performance. If environmental policy consists of emission 

standards, parts of the input-output space can be demarcated where emission exceeds the 

standard. Improvement paths that lead farms into these demarcated areas may then be less 

suitable. Also tradable permits can be incorporated into our research framework, as has been 

done with NERs in chapter 6. If the required number of tradable permits can be calculated for 

each input-output combination, this number can be compared with the available number of 

permits on the farm. This allows for analyzing whether improvement paths entail additional 

cost for tradable permits or not.  

 

A final issue for further research specifically relates to the case of pig finishing. Our empirical 

research shows that substituting feed and rotations by moving on the isoquant comes down to 

an change in delivery weight. Changing delivery weight may affect carcass quality and entail 

a changed output price. Our empirical analysis assumes a fixed output price along the 

isoquant. Nevertheless, if the output price varies along the isoquant, cost minimizing input 

allocations may not be most profitable since they imply a much lower output price. Further 

research may address this issue of changing output prices along the isoquant. 

 

To conclude this dissertation, we believe that this research has contributed to improved 

theoretical insights on economic-environmental trade-offs. Making operational these insights 

has led to an improved diagnosis of trade-offs and an improved simulation of economic and 

environmental effects of improvement options. Furthermore, we have shown that better 
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economic-environmental decision support can be obtained through incorporating the 

improved diagnosis and simulation in DSSs, on condition that the developed DSSs comply 

with the critical success factors of such systems. Finally, we hope to have contributed to the 

pursuit of more competitiveness and less pollution in agriculture, which are two important 

aspects of sustainability. Hopefully, our findings will be a starting point for better decision 

support in practice and for additional research on economic-environmental trade-offs. 
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Summary 

Due to the intensification of agricultural production, farms not only have to remain 

competitive, they also have to consider environmental impacts of their production activities. 

Making decisions on improving economic performance and reducing environmental pressure 

is not straightforward: farmers have to select preferable improvement options, given the 

specificities of the farm, available technology and resources, prevailing market conditions and 

policy. Although decision support systems (DSSs) may help farmers with their decision 

making, only a few of them have actually been implemented in practice (Walker, 2002; 

Mackrell et al., 2009). Developed DSSs often do not comply with critical success factors, like 

credibility, perceived usefulness and accessibility (McCown, 2002a; McCown, 2002b; 

Walker, 2002).  

 

Economic-environmental decision support is even more complicated since both theoretical 

and empirical research have not been conclusive about the relationship between economic 

performance and environmental pressure. In particular, there is no agreement on the 

possibility to improve simultaneously economic and environmental performances (positive 

trade-off). Reasons for this inconclusiveness include the lack of knowledge about the 

underlying mechanisms that determine the causality between both performances and the fact 

that trade-offs may be firm-specific and may depend on the applied improvement measure 

(see e.g. King and Lenox, 2001; Schaltegger and Synnestvedt, 2002; Boons and Wagner, 

2009). 

 

This dissertation explores whether production-theory-based methods can lead to better farm-

specific decision support on improving economic performance and reducing environmental 

pressure. In the theoretical part of this thesis, a production-theory-based framework is 

constructed to illustrate the added value of production theory to economic-environmental 

trade-off analysis. Production theory considers the relationship between input(s) and output(s) 

of a production process, being the production function. The framework consists of 

theoretically consistent production, cost, revenue and emission functions and takes into 

account the materials balance principle for emission. The framework shows how different 

management interventions may result in different economic-environmental trade-offs. 

Moreover, trade-offs are shown to be firm-specific and to depend on the market conditions 

and environmental regulations. As different trade-offs represent different stages in the trade-
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off curve, partially conflicting trade-off paradigms in theoretical literature are in fact 

representations of these trade-off stages. 

 

Frontier analysis is used to make the improved insights from the theoretical framework 

operational. Frontier analysis uses production theory to position individual firms against a 

best practice frontier and to assess performances as efficiency scores. In this dissertation, 

environmentally adjusted conventional frontier methods are used that incorporate the 

materials balance principle (as identified and formalized by Coelli et al., 2007). Cost and 

environmental efficiencies are derived that can both be decomposed into technical and 

allocative components. While technical efficiency represents the ability to obtain maximal 

output(s) from (a) given input(s) or to use minimal input(s) to obtain (a) given output(s), 

allocative efficiency reflects the ability to use inputs in optimal proportions, given their 

respective prices or environmental coefficients that link inputs to environmental performance.  

 

The use of frontier analysis provides additional diagnostics on farm-specific economic-

environmental trade-offs. Compared to key performance indicators (KPIs), which are 

traditionally being used for farm advisory purposes, frontier analysis allows for an improved 

benchmarking. Each farm can be positioned against technical, economic (allocative) and 

environmental (allocative) benchmarks. As the physical production analysis is separated from 

price information and environmental coefficients, underlying mechanisms are revealed that 

determine aggregate economic and environmental performances. For decision support in 

practice, we propose to combine the use of frontier analysis and traditional KPIs since farmers 

are mostly not familiar with frontier analysis. Benchmarks and improvement paths can then 

be assessed with frontier methods, while the decision variable to steer farmers towards 

changes can be described in terms of traditional KPIs.   

 

The choice of frontier method may influence the assessed economic-environmental trade-offs, 

as different frontier methods imply different assumptions about the functional form of the 

production function. In this dissertation, we compare the conventional frontier methods Data 

Envelopment Analysis (DEA) and Stochastic Frontier Analysis (SFA). On average, SFA and 

DEA yield adequate economic-environmental trade-offs. Although both methods are good 

estimators for technical efficiency, allocative efficiency scores are less robust, due to 

methodological differences. For particular farms, trade-offs may therefore differ, depending 

on the frontier method that is used.  
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Production-theory-based methods are also useful for simulating the effects of management 

decisions on economic performance and environmental pressure at farm level. A production-

theoretical system analysis appears to be indispensable for integrating the effects on partial 

KPIs to account for the change in input use and output production. It is shown that the 

integration has to include both statistically significant and insignificant effects on partial KPIs 

to avoid erroneous results. Based on the production-theoretical system analysis, partial 

budgeting allows for assessing aggregate economic and environmental effects by relating the 

effects on input(s) and output(s) to respectively prices and environmental coefficients. 

Frontier analysis, however, not only allows for assessing efficiency effects of management 

decisions, additional farm-specific optimization paths and implied economic-environmental 

trade-offs are also provided.   

 

Whether the improved insights on trade-offs effectively result in better decision support in 

practice depends on their successful incorporation in DSSs. In this dissertation, a frontier-

analysis-based DSS is developed for pig farms. A participatory approach involving multiple 

stakeholders appears to be indispensable for a successful development. Success factors that 

are mostly related to the incorporation of frontier analysis into DSSs are perceived usefulness 

and accessibility. Perceived usefulness is affected by the improved insights on economic-

environmental trade-offs. Accessibility can be maintained through safeguarding the user of 

the tool against the complexity and specific terminology of frontier analysis. Instead, 

communication between user and tool can be done with KPIs that are traditionally used for 

agricultural decision support. The user then only has to get used to the production-theoretical 

input-output reasoning, instead of merely thinking in traditional KPIs. 

 

For farmers, DSSs based on the improved production-theory-based insights on economic-

environmental trade-offs facilitate the selection of preferable improvement measures. As 

farmers get confronted with a more comprehensive input-output reasoning, we believe that 

farm advisors are most appropriate to use such DSSs and discuss the results with farmers. 

Besides supporting farms with their decision making, the improved insights may also help 

policy makers to select appropriate policy measures to steer farms towards positive economic-

environmental trade-offs. Adequate policy measures should provide enough flexibility to 

farms, since our research shows that both preferable improvement paths and management 

activities are farm-specific. 
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Samenvatting 

De intensivering van de landbouw heeft ertoe geleid dat bedrijven niet enkel dienen te streven 

naar competitiviteit, maar ook rekening dienen te houden met de milieu-impact van hun 

productieactiviteiten. Het nemen van beslissingen voor verbeterde economische prestaties en 

minder milieudruk is echter niet eenvoudig: verbetermaatregelen moeten worden 

geselecteerd, gegeven de specificiteit van het bedrijf, beschikbare technologieën en 

hulpbronnen, heersende marktomstandigheden en beleid. Hoewel beslissingsondersteunende 

systemen landbouwers kunnen helpen bij hun beslissingsproces, wordt slechts een beperkt 

aantal effectief geïmplementeerd in de praktijk (Walker, 2002; Mackrell et al., 2009). Vaak 

voldoen ontwikkelde systemen niet aan kritische succesfactoren, zoals geloofwaardigheid, 

gepercipieerd nut en toegankelijkheid (McCown, 2002a; McCown, 2002b; Walker, 2002). 

 

Beslissingsondersteuning voor betere economische en milieukundige prestaties wordt 

bovendien bemoeilijkt door het feit dat zowel binnen de theoretische als empirische literatuur 

geen overeenstemming is over het verband tussen beide prestaties. In het bijzonder is er geen 

akkoord over de mogelijkheid om beide prestaties simultaan te verbeteren (positieve 

verruiling). Redenen voor deze discrepantie omvatten het gebrek aan kennis omtrent de 

onderliggende mechanismen die de causaliteit tussen economische en milieukundige 

prestaties bepalen en het feit dat de verruiling bedrijfsspecifiek is en afhangt van de 

toegepaste verbetermaatregel (zie bijv. King and Lenox, 2001; Schaltegger and Synnestvedt, 

2002; Boons and Wagner, 2009).  

 

In dit proefschrift wordt nagegaan of methoden gebaseerd op productietheorie kunnen 

bijdragen tot een verbeterde bedrijfsspecifieke beslissingsondersteuning voor het verbeteren 

van economische prestaties en het reduceren van milieudruk. In het theoretische gedeelte van 

deze thesis wordt op basis van productietheorie een raamwerk opgesteld dat moet toelaten om 

de meerwaarde van productietheorie voor economische-milieukundige verruilinganalyse te 

illustreren. Productietheorie beschouwt de relatie tussen input(s) en output(s) van een 

productieproces, ook wel productiefunctie genoemd. Het raamwerk bestaat uit theoretisch 

consistente productie-, kosten-, opbrengsten- en emissiefuncties en houdt rekening met de 

materialenbalans die geldt voor emissies. Het raamwerk toont hoe verschillende 

managementinterventies kunnen resulteren in een verschillende economische-milieukundige 

verruiling. Bovendien wordt aangetoond dat de verruiling bedrijfsspecifiek is en afhangt van 
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de marktomstandigheden en het gevoerde milieubeleid. Verschillen in verruiling geven 

verschillende delen van de verruilingcurve weer. De gedeeltelijk conflicterende 

verruilingparadigma‟s uit de literatuur kunnen tevens beschouwd worden als complementaire 

zienswijzen die verschillende delen van de verruilingcurve voorstellen. 

  

Grenslijnanalyse wordt toegepast om de verbeterde inzichten uit het theoretisch raamwerk 

operationeel te maken. Grenslijnanalyse maakt gebruik van productietheorie om bedrijven te 

positioneren ten opzichte van een grenslijn en om prestaties te meten aan de hand van 

efficiëntiescores. Dit proefschrift maakt gebruik van conventionele grenslijnmethoden, 

aangepast om milieuprestaties te meten rekening houdend met de materialenbalans (zoals 

geïdentificeerd en geformaliseerd door Coelli et al., 2007). Deze methoden laten toe om 

kosten- en milieuefficiënties te bepalen die kunnen uitgesplitst worden in technische en 

respectievelijk kostenallocatieve en milieuallocatieve componenten. Terwijl technische 

efficiëntie duidt op de mate waarin een maximale hoeveelheid output(s) wordt geproduceerd 

met een gegeven hoeveelheid input(s), duidt allocatieve efficiëntie op het vermogen om 

inputs te gebruiken in optimale proporties, gegeven hun respectievelijke prijzen of de 

milieucoëfficiënten die deze inputs linken aan de milieukundige prestatie.  

 

Het gebruik van grenslijnanalyse resulteert in een verbeterde diagnose van de 

bedrijfsspecifieke verruiling tussen economische en milieukundige prestaties. In vergelijking 

met traditionele kengetallen, die in de praktijk meestal worden gebruikt voor bedrijfsadvies, 

laat grenslijnanalyse een verbeterde benchmarking toe. Elk bedrijf wordt immers 

gepositioneerd ten opzichte van technische, kosten(allocatieve) en milieu(allocatieve) 

benchmarks. Door het fysische productieproces te scheiden van prijsinformatie en 

milieucoëfficiënten worden bovendien onderliggende mechanismen blootgelegd die de 

uiteindelijke economische en milieukundige prestaties bepalen. Voor 

beslissingsondersteuning in de praktijk stellen we voor om het gebruik van grenslijnanalyse 

en traditionele kengetallen te combineren, aangezien landbouwers meestal niet vertrouwd zijn 

met grenslijnanalyse. Benchmarks en verbeterpaden kunnen dan bepaald worden aan de hand 

van grenslijnanalyse, terwijl de beslissingsvariabelen om landbouwers te sturen naar 

verandering kunnen beschreven worden aan de hand van traditionele kengetallen. 

 

De keuze van grenslijnmethode kan de bekomen economische-milieukundige verruiling 

beïnvloeden. Verschillende grenslijnmethoden impliceren immers verschillende assumpties 
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omtrent de functionele vorm van de productiefunctie. In dit proefschrift worden de 

conventionele grenslijnmethoden Data Envelopment Analysis (DEA) en Stochastic Frontier 

Analysis (SFA) vergeleken. Gemiddeld gezien resulteert de toepassing van beide methoden in 

een adequate voorstelling van de economische-milieukundige verruiling. Terwijl beide 

methoden goede schatters zijn voor technische efficiëntie, blijken de allocatieve 

efficiëntiescores echter minder robuust, dit door methodologische verschillen. Voor bepaalde 

bedrijven kan de bekomen verruiling dan ook verschillen, afhankelijk van de gebruikte 

grenslijnmethode.    

 

Methoden gebaseerd op productietheorie zijn tevens nuttig om bedrijfsspecifieke 

economische en milieukundige effecten van managementbeslissingen te simuleren. Een 

productietheoretische systeemanalyse blijkt noodzakelijk om de effecten op partiële 

kengetallen te integreren om te komen tot wijzigingen in het gebruik van input(s) en de 

productie van output(s). Om foutieve resultaten te vermijden dienen zowel statistisch 

significante als niet significante effecten op partiële kengetallen meegenomen worden bij de 

integratie. Gebaseerd op de productietheoretische systeemanalyse kunnen de uiteindelijke 

economische en milieukundige effecten bepaald worden aan de hand van partiële 

budgettering, dit door prijzen en milieucoëfficiënten te koppelen aan input(s) en output(s). 

Door middel van grenslijnanalyse, echter, kunnen niet enkel de effecten van 

managementbeslissingen op efficiëntiescores worden bepaald, ook bijkomende 

bedrijfsspecifieke optimalisatiepaden kunnen worden geanalyseerd.  

 

Of de verbeterde inzichten omtrent verruiling effectief resulteren in een betere 

beslissingsondersteuning in de praktijk hangt af van hun succesvolle incorporatie in 

adviessystemen. In dit proefschrift wordt een beslissingsondersteunend systeem voor 

varkensbedrijven ontwikkeld dat gebaseerd is op grenslijnanalyse. Voor een succesvolle 

ontwikkeling blijkt een participatorische benadering noodzakelijk, waarbij verschillende 

stakeholders worden betrokken. Succesfactoren die het meest verband houden met het 

incorporeren van grenslijnanalyse zijn gepercipieerd nut en toegankelijkheid. Gepercipieerd 

nut wordt beïnvloed door de verbeterde inzichten in verruiling, terwijl de toegankelijkheid 

wordt verbeterd door de gebruiker te beschermen tegen de complexiteit en specifieke 

terminologie van grenslijnanalyse. De communicatie tussen gebruiker en tool gebeurt immers 

door middel van traditionele kengetallen. De gebruiker moet enkel vertrouwd worden met het 
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productietheoretische redeneren in input(s) en output(s), in de plaats van louter te denken in 

traditionele kengetallen. 

 

Beslissingsondersteunende systemen gebaseerd op de verbeterde inzichten omtrent 

economische-milieukundige verruiling maken het gemakkelijker voor landbouwers om 

gewenste verbetermaatregelen te selecteren. Aangezien landbouwers geconfronteerd worden 

met het productietheoretische redeneren in input(s) en output(s), lijken adviseurs het meest 

geschikt om dergelijke systemen te gebruiken en de resultaten ervan met landbouwers te 

bespreken. Naast het ondersteunen van bedrijfsbeslissingen kunnen de verbeterde inzichten 

ook bijdragen tot de keuze van geschikte beleidsmaatregelen om landbouwers te sturen naar 

een positieve verruiling. Aangezien te verkiezen verbeterpaden en -maatregelen 

bedrijfsspecifiek blijken te zijn moeten adequate beleidsmaatregelen voldoende flexibiliteit 

bieden aan de landbouwer. 
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