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ABSTRACT 

 

 

 
ECONOMIC AND ENVIRONMENTAL EFFICIENCIES OF ONTARIO’S DAIRY 

FARMING SYSTEMS 

 

       

Chathurika Dayananda     Advisor: 

University of Guelph, 2016      Professor Alfons Weersink 

 

This thesis estimates technical and environmental efficiencies for a sample of Ontario 

dairy farms and examines the relationship between these efficiency measures and 

characteristics of the farm and farmer. Using a stochastic input distance function to estimate 

the production relationship between four inputs and four outputs (one of which is greenhouse 

gas emissions), we find that the Ontario dairy farms have a high level of average technical 

efficiency but relatively low environmental efficiency. There is a positive and significant 

correlation between technical and environmental efficiencies. Environmental efficiency 

measure increases with herd size.  The findings suggest there is not a trade-off between 

technical and environmental efficiency for Ontario dairy farms.  Instead, reducing the amount 

of inputs used to produce a given amount of milk will also reduce greenhouse gas emissions.  

Keywords: Stochastic input distance function, technical efficiency, environmental efficiency, 

greenhouse gas emissions, Ontario, dairy 
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CHAPTER 1 

Introduction 

1.1 Introduction  
 

Ontario contributed 24% of 702 Mt of CO2eq of Canada’s total greenhouse gas 

emissions (GHGs) in 2011 (Environment Canada 2013). Approximately 6% of Ontario’s 

CO2eq GHGs in 2011 came from the agricultural sector with more than half coming from 

livestock production. The dairy sector in Ontario emits approximately 2.64 Mt CO2eq 

emissions per year, which makes up one quarter of total agricultural emissions in Ontario 

(Environmental Commissioner of Ontario 2010; Jayasundara and Wagner-Riddle 2014).  

Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are the three main 

greenhouse gases emitted from the dairy industry, and these greenhouse gases come from a 

variety of sources. The major contributors to GHG emissions from the Ontario dairy sector 

are enteric fermentation which releases methane (48% of total GHG emissions from Ontario 

dairy farms), soil releasing nitrous oxide emissions (24%), manure storage which emits 

methane and nitrous oxide (18%), and energy consumption required for milking feed 

processing, production and transportation (11%) (Jayasundara and Wagner-Riddle 2014). 

Besides these four primary sources, there are also indirect sources of emissions associated 

with dairy production, such as carbon (C) fluxing in or out of soil based on changes in land 

use.  

Annual milk production in Canada is 78.3 million hL and Ontario contributes around 

one-third of this total (Canadian Dairy Information Centre 2012). Dairy farming is the largest 

agricultural sector in Ontario and plays a significant role in Ontario’s economy. Milk receipts 

of $1.7 billion in 2010 represented 20% of the province’s overall revenue from agricultural 
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production (Ontario Ministry of Agriculture and Rural Affairs 2011a).  Thus, the dairy sector 

is important in terms of its financial contribution to Ontario’s economy, but it is also one of 

the largest emitters of greenhouse gas emissions.  

With increasing attention on environmental sustainability and mitigating greenhouse 

gas emissions, Ontario’s provincial government has set the target of reducing emissions by 15 

percent from 1990 emission levels in 2020 and 35 percent in 2030. Numerous efforts have 

been made to make this objective a reality. One set of policies includes funding the 

development of profitable and sustainable practices through the Agricultural Greenhouse Gas 

Program (AGGP), which identifies new management practices and technological 

improvements to reduce GHGs from agriculture, or through the Environmental Farm Plans 

(EFPs), which provides farmers technical assistance to implement environmentally friendly 

practices for their operation. In addition, the provincial government has recently introduced a 

cap and trade system for carbon to Ontario.  While only applicable directly for major GHG 

emitters in non-agricultural sectors, the policy may indirectly affect agriculture in the short 

run and provide incentives for the adoption of GHG mitigating options by farmers. 

The main objective of the GHG-mitigating policies that the government has 

implemented so far is to identify the lowest-cost way to reduce a sector’s greenhouse gas 

emissions. Some of these cost-reducing, emissions-reducing strategies include the adoption of 

beneficial management practices, technological improvements, and policies that enforce 

specific management practices (for more examples see Thomos et al. 2013). The economic 

and environmental efficiencies and factors associated with reducing greenhouse gas 

emissions must be carefully considered because dairy farmers’ primary objective is to 

enhance profit in order to remain competitive in the dairy market. Thus, the reduction of 

greenhouse gases must remain in line with this objective. Farmers will continue to apply 

inputs as efficiently as possible in order to achieve profitability, but must also aim to reduce 
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emissions to a point where the business is considered environmentally friendly in order to 

align with the government goals. The challenge for farmers is how to balance these two 

competing yet important objectives of environmental and economic efficiency.  

 

1.2 Economic Problem  

A major challenge facing the Ontario dairy sector is how to enhance the sector’s 

economic performance, while at the same time reducing the sector’s greenhouse gas emission 

levels. Dairy producers need a low cost means of reducing greenhouse gas emissions that 

improves its environmental performance while simultaneously remaining competitive and 

profitable in the market. Reducing its environmental footprint while maintaining milk output 

would increase the farm’s environmental efficiency. Reducing its input use while also 

maintaining production would increase the farm’s technical efficiency.  The question facing 

producers is how to improve its technical and environmental efficiency.  In addition to 

determining the means to improve both forms of efficiency, it is important to understand if 

both efficiency measures can be improved at the same time or whether there is a trade-off 

between them.  The former would imply that profits could be enhanced and GHG’s lowered 

with the adoption of the appropriate practices.  However, the later situation would imply there 

are limits to the ability of a farm to mitigate GHG’s without sacrificing farm profits. 

Economic and environmental factors can be used to determine desirable practices for 

Ontario’s dairy farming sector, which permits an evaluation of private and public incentives 

with the goal of improving the long term sustainability and the production capacity of the 

dairy farming system.  
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1.3 Research Problem  
 

The conventional definition of economic efficiency was developed by Farrell (1957), 

who measured the economic efficiency of a farm using a model with a single output and 

multiple inputs and considered both technical and allocative efficiency. Farrell’s definition 

has been used to decompose economic efficiency into technical and allocative efficiency, and 

to identify potential sources of inefficiency. Efficiency studies have been undertaken in a 

number of different industries, including banking, health, electricity and agriculture. There 

have also been a few studies focusing on technical efficiency specifically for the dairy sector 

in Ontario (Weersink et al. 1990; Hailu et al. 2005; Hailu and Deaton 2016).  

With the increasing consciousness about environmental problems and the burden 

placed on firms to enhance environmental quality, researchers are also concerned about 

another type of efficiency, environmental efficiency.  Environmental efficiency is the ranking 

of economic units according to their level of efficiency by considering the negative or 

positive impact of the inputs used in the production process or the outputs produced in the 

production process on the environment (Graham 2004).  According to Tyteca (1996), an 

individual firm’s focus is to be efficient with regard to its inputs and outputs (technical 

efficiency), but this may cause inefficiency from an environmental standpoint for several 

reasons, namely the absence of incentives for the internalization of environmental costs into 

the firm’s decisions on input and output use. Therefore, the challenge is to find ways to 

enhance both economic and environmental efficiencies simultaneously. Once the most 

sustainable management practices associated with higher economic and environmental 

efficiency levels are identified, the current management practices, which act as barriers to 

achieving higher efficiencies, can be evaluated. In that context, researchers have started to 

focus on both economic and environmental efficiencies, and various types of integrated 

economic and environmental performance measurements have emerged. Typically, 
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environmental efficiency is presented with respect to an undesirable input or an undesirable 

output in the production process. However, no studies have been conducted that examined the 

environmental efficiency of Canadian agriculture and the dairy sector in Ontario specifically.  

A variety of environmental efficiency indices have been developed by previous 

studies through the extension of technical efficiency. Fare et al. 1993; Reinhard et al. 1999; 

Reinhard et al. 2002, modeled pollution in the production process as an undesirable input 

while Fare et al. 1989; Fare et al. 1996; Tamini et al. 2009, modeled pollution as an 

undesirable output. Parametric and non- parametric approaches have been used to measure an 

index of environmental efficiency using estimates of the production function that also 

measures technical efficiency.  

By building on the existing literature of technical efficiency and by identifying the 

factors that affect technical efficiency on Ontario dairy farms, this thesis fills a research gap 

with an empirical analysis that measures both technical and environmental efficiencies 

simultaneously, and identifies the relationship between the efficiency measures and farm and 

farmer characteristics. Therefore, the research question of this study is to determine whether 

there are relationships between technical and environmental efficiencies in the Ontario dairy 

sector, and to examine whether there are tradeoffs between technical efficiency and 

environmental efficiency. To estimate technical and environmental efficiency, this study uses 

farm level data provided by the Ontario Dairy Farmers Accounting Project (ODFAP) for the 

years 2010 to 2012. The Fisher price index approach is used to aggregate the data into inputs 

and outputs. We measure technical and environmental efficiency using a stochastic input 

distance function. To examine the impact of farm and farmer characteristics on technical 

efficiency measures, the marginal effects are estimated. To examine the relationship between 

farm and farmer characteristics and environmental efficiency, second-stage regressions are 
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estimated using maximum likelihood estimation (MLE), ordinary least squares (OLS), and 

Tobit models and the results compared. 

  

1.3 Purpose and Objectives  
 

The purpose of this study is to (i) assess the economic and environmental efficiencies 

and their relationship of dairy farming systems in Ontario. The specific objectives of the 

thesis are as follows:  

1) To estimate the technical and environmental efficiencies of dairy farming in Ontario;  

2) To examine the relationships between farm and farmer characteristics and technical and 

environmental efficiencies in dairy farming in Ontario; and 

3)  To examine the relationship between technical efficiency and environmental efficiency. 

This study will provide Ontario dairy farmers with information on the extent to which 

their technical and environmental efficiency can be improved along with the means to 

enhance those efficiency measures.  It will also determine whether both can be improved at 

the same time or whether there are tradeoffs in attempting to improve both efficiency aspects.  

The information generated will also be helpful to producer organizations (i.e. Dairy Farmers 

of Ontario) and government (i.e. Ontario Ministry of Agriculture and Food) who are seeking 

means to reduce agricultural greenhouse gas emissions in a cost effective manner.  

1.4 Chapter Outlines  
 

Chapter 2: Theory of efficiency  

This chapter describes the concepts of technical efficiency and allocative efficiency, which 

together represent economic efficiency, as well as the concept of environmental efficiency.  
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Chapter 3: Data and variables  

This chapter describes the data and variables that will be used to calculate technical and 

environmental efficiency. It begins with a brief discussion of the data source followed by an 

explanation of the variables that are used in the analysis. The discussion includes how the 

greenhouse gas variable was estimated for each farm and the summary measures for 

emissions.  

Chapter 4: Empirical framework  

This chapter defines the dairy farm efficiency model, which includes the functional form of 

the distance function, the endogenous and exogenous variables, the stochastic frontier 

analysis as it pertains to the distance function, the indexes used to calculate the technical 

efficiency score and the environmental efficiency score, and the methods for determining 

influence of efficiency parameters on technical efficiency and the farm and farmer 

characteristics on environmental efficiency..  

Chapter 5: Results and discussion   

This chapter presents and discusses: (i) the results of the distance function approach in 

measuring technical and environmental efficiency measures, (ii) efficiency parameters that 

influence technical efficiency and the farm and farmer characteristics that influence 

environmental efficiency measures, (iii) whether, there are tradeoffs between both efficiency 

measures, whether both efficiency measures can be improved jointly  

Chapter 6: Conclusion  

This chapter summarizes the results, provides concluding remarks and policy implications, 

and finally recommendations for future research. 
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CHAPTER 2 

Theory of Efficiency 

2.1 Introduction 

The purpose of this chapter is to describe the concept of economic and environmental 

efficiency. It begins with a discussion of technical efficiency, and then adds allocative 

efficiency, which together represent economic efficiency. The concept of environmental 

efficiency is then described in section 2.3. The following section summarizes the literature 

estimating technical and environmental efficiency in agriculture with particular emphasis on 

studies examining the dairy sector.  The chapter concludes with a summary of the approach 

that will be used in this research based on the review conducted within this chapter. 

 

2.2 The Concept of Production Efficiency 

Koopman (1951) states that, “a producer is technically efficient if any increase in 

output requires a reduction in at least one other output or an increase in at least one input, and 

if a reduction in any input requires an increase in at least one other input or a reduction in at 

least one output”. Technical efficiency is illustrated using figure 2.1 adopted from Farrel 

(1957), where a farm is assumed to produce a single output using two inputs X1 and X2. The 

isoquant shows the combination of two inputs that produce a given level of output (y = y1). 
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Figure 2.1: Graphical Representation of Technical Efficiency 

The points lying on and above the isoquant are the input requirement set, which 

shows various feasible input combinations that can produce the output y1. The points on the 

boundary of isoquant are considered as technically efficient as all produce the same level of 

output y1 but use different combinations of inputs. For example, firms B and D are 

considered technically efficient as they are on the frontier of the isoquant. In contrast to firms 

B and D, firm A is considered technically inefficient. System A uses the same level of x1 as 

does firm D (x1
A
 = x1

D
) but uses more of x2 (x2

A
> x2

D
) to produce the same level of output y1.  

The measurement of technical efficiency can be formally described beginning with a 

production possibility set Ψ = {(x,y) x  
+
 } where x is a vector of inputs (k 1), y is a 

vector of outputs (m 1) and R denotes a real number. In the example of figure 1 with two 

inputs and one output, the production possibility set can be defined as, 
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Ψ = { (x1,x2,y)  
+
 | x1,x2 can produce y } (2.1) 

The input requirement set L(y) is defined as the set of input vectors that can produce the 

output vector. The isoquant and all input combinations lying above the isoquant give the 

input requirement set in figure 2.1. 

L (y) = {x1,x2; produce y} (2.2) 

Based on the input requirement set in (2.2), the input distance function can be defined 

assuming that the production technology satisfies the axioms of convexity, strong 

disposability, closeness and bounded conditions. Shephard (1953) introduced the concept of 

the distance function as the normalized measure of Euclidean distance from a production 

point (x1,x2,y)  
+
 to the boundary of the production possibility set (Ψ) as a radial direction 

orthogonal to output y. It measures the physical distance from the origin to the tip of the point 

in a radial direction orthogonal to the output.  

Technical efficiency is the inverse of the distance function, 

d(x1,x2,y) = max {δ : (x1,x2/δ ,y) є ψ}      (2.3) 

where d is the distance and δ is a positive scalar measuring efficiency. The distance function 

is non-decreasing and quasi-concave in y and is non-decreasing, concave and linearly 

homogeneous in x. The value of distance will be 1 or greater than 1 if the input vector x, is an 

element of the feasible input set, L(y) and it has a value of unity if x is located on the inner 

boundary of the input requirement set. 

Figure 2.1 shows three production plans (or firms) A, B, and D. In the case of firm A, 

which uses input levels x1
A
 and x2

A
, the radial distance from the origin to firm A is OA or the 

length of line segment combining the origin to the inputs used with firm A. The radial 

distance from origin to the boundary of production possibility set is OB. The radial distances 

of A and B can be used to measure the technical efficiency for A. The extent of technical 

inefficiency for firm A is OB/OA, the ratio of two radial distances. While the radial distance 
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for A is OA, the distance function for firm A is the ratio of OA/OB, which is greater than 1 

since OA>OB. Similarly, the radial distance for firm B is OB and the distance function is 

OB/OB, which is equal to 1 and thus technically efficient. 

Technical efficiency is a purely technical concept with no prices considered but 

efficiency can also involve the proper choice of inputs to minimize the costs of producing the 

selected output. The cost minimization problem for the situation in figure 2.1 can be 

described as, 

Min C0 = p1 x1 + p2 x2        (2.4) 

s.t ( x1, x2 )  L(y) or y1 = f (x1,x2)      (2.5) 

where C is the cost of producing y1 and p1 and p2 are the prices for the inputs x1 and x2. The 

first order conditions for the associated Lagrangian problem are, 

L/x1 = p1 + λf1 = 0       (2.6) 

L/x2 = p2 + λf2 =0       (2.7) 

L/λ = p1 x1 + p2 x2=0       (2.8) 

where L is the Lagrangian function, λ is the Lagrangian multiplier or the change in cost from 

producing one more output, f1 is the first derivative of the production function with respect  to  

input x1 (f1 = y/x1) or the  marginal  product of  the  input x1 (MP1). From (2.6) and (2.7),  

 λ = p1/MP1 = p2/MP2     (2.9) 

The cost minimizing input condition given by (2.9) is where the marginal productivity per 

dollar spent is equal across inputs. The cost minimizing condition given by (2.9) could also 

be expressed as MP1/MP2 = p1/ p2, where MP1/MP2 is the slope of the isoquant or marginal 

rate of technical substitution and – p1/ p2 is the slope of the iso-cost line.  

 The cost minimizing condition is illustrated in figure 2.1. The line EF is the iso-cost 

line and its slope is the input price ratio - p1/p2. At system D, the iso-cost line is tangent to the 

isoquant or the slopes are equal. Thus, firm D is not only technically efficient but is also the 
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least expensive means to produce y as it meets the cost minimization condition derived above 

(MP1/MP2 = p1/ p2). It is thus allocatively efficient. Firms B and D are both technically 

efficient as they are on the frontier of the isoquant but firm D is allocatively efficient as it 

produces the fixed output at a lower cost than firm B. 

Efficiency can be further explained using a hypothetical example assuming the 

following Cobb Douglas production function, 

y = 10 x1
0.5

 x2
0.5

        (2.10) 

The isoquant for the production function is found by solving x2 terms of x1 and y. which is, 

x2= (y/10)
2
 * 1/x1        (2.11) 

For example if y = 100, then the equation for the isoquant reduces to 

 x2 = 100/x1  (2.12) 

Two points on the isoquant are x1
B
=4 and x2

B
 = (100/4) = 25, which we will denote as B and 

for a firm D, x1
D
 = 5 and x1

D
 = (100/5) = 20. Both B and D are technically efficient as both 

are on the isoquant to produce y=100 as given by (2.12).  

Whether B and D are allocatively efficient depends on the input prices. Let’s assume 

that p1 = $10 and p2 = $40 so p1/p2 = 0.25. The marginal products for the two inputs with this 

production technology are,  

MP1 = dy/dx1 = 10 x1
1/2 

x2
-1/2  

      (2.13)  

MP2 = dy/dx2 = 10 x1
-1

/2 x2 
1/2

       (2.14)  

The cost minimizing condition given earlier by (2.9) is where the ratio of marginal products 

is equal to the input price ratio or,  

 10x1
1/2 

x2 
-1/2

/ 10x1 
-1/2

 x2 
1/2

 = p1/ p2      (2.15)  

 x1 / x2  = 0.25          (2.16)  
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Since the ratio of the inputs (x1/x2) for B is 4/25 = 0.16 and for D is 5/20 = 0.25, firm D is 

allocatively efficient since the ratio of the marginal products is equal to the input price ratio. 

B is not allocatively efficient.  

We can determine the level of cost efficiency by calculating the cost for each firm to 

produce an output of 100. The total cost for firm D is $850 (=$10*5 +$40*20) whereas the 

cost of producing 100 units of output with firm B is C $1,040 (=$10*4 + $40*25). The level 

of cost efficiency can be determined by calculating the ratio of costs. Thus, firm B is 0.8 

(=850/1040) as efficient as compared to firm D. 

The concept of economic efficiency can be illustrated if we assume firm A in figure 

2.1 is represented by the input combination x1 = 7 and x2 = 28. It is technically inefficient 

since the input combination is not on the isoquant.  Based on equation (2.12), if the firm is 

using 7 units of x1, then only 14.3 (=100/7) units of x2 is required rather than the 28 units 

actually used.  The cost of producing y= 100 with A is $1,190 (= $10*7 + $40*28).  The 

inefficiency of A compared to D is the ratio of their respective costs of production (850/1190) 

or 0.71.  

 The economic inefficiency can be decomposed into the technical and allocative 

efficiency components: (1) technical inefficiency for A is the ratio of OB/OA, (2) allocative 

inefficiency for firm A is the ratio of OC/OB, and (3) the total cost inefficiency for system A 

of 0.71 is the ratio of OC/OA.   

 Cost inefficiency of firm A = Technical inefficiency * Allocative inefficiency 

 =  OB/OA * OC/OB 

  =  OC/OA      (2.17) 

Based on figure 3, these efficiencies for system A can be calculated by first calculating the 

radial distance of OA, which is 28.8 (=(28
2
 + 7

2
) 

½
 ) and the radial distance of OB, which is 25.3 

(=(25
2
 + 4

2
) 

½
). Thus, the technical efficiency of A is OB/OA = 25.3/28.8 = 0.87.  Allocative 
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efficiency can be derived by using the relationship between cost efficiency and its components 

given by (18).  Since the cost inefficiency of system A is 0.71, (18) indicates 0.71 = OC/OA = 

OC/28.8.  Thus, the radial distance OC is 20.44 (= 0.71*28.8).  Thus, the allocative efficiency of 

firm A is OC/OB or 0.8 (= 20.44/25.3).  Note that that allocative efficiency for A is the same 

as system B since both use the same ratio of inputs and face the same input prices.  However, 

B is technically efficient since it uses a smaller proportion of both inputs to produce 100 units 

of output.         
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Figure 2.2: Graphical representation of economic efficiency with an empirical example 

 

2.3 The Concept of Environmental Efficiency 

The procedure for estimating environmental efficiency originates from the procedure 

for estimating production efficiency as discussed in the previous section (Shephard, 1970).  

Environmental effects are incorporated into the production process and the efficiency 

estimation extended to account for environmental efficiency. The environmental impacts of 

production are included either (1) into the output vector in the production technology (see 

Fare et al. 1989; Fare et al. 1996; Fare et al. 2004) or (2) as an environmentally detrimental 

input (see Reinhard et al. 1999). 

If the environmental impact is considered as an output of the production process, the 

resulting outputs could be positive or negative.  In this study, pollution is the negative output 
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produced jointly with the main outputs of the firm.  These undesirable outputs, such as 

GHGs, have a negative impact on the environment. Therefore, the production process 

generates two kinds of outputs: (1) the ‘bad’ is the environmentally undesirable output, and 

(2) the ‘good’ is the environmentally desirable output. Starting with the simplest case of one 

bad (b) output and one good (y) output situation, the production possibility set can be 

summarized as following. 

P(x,y,b) = {(x,y,b)  
+
: x can produce (y and b)}       (2.19) 

where x is the vector of inputs. As described in the previous section, Shephard (1953) 

introduced the concept of the distance function to measure efficiency for the general case of 

single output with two inputs for the production technology satisfies the usual axioms of 

convexity, strong disposability, closeness and bounded conditions and this concept  of 

Shephard (1953) has been extended by Debreu (1951), Malmquist (1953) and Shephard 

(1970) for the multiple inputs and multiple outputs case due to the difficulty of this particular  

production technology to aggregate into a production function to measure efficiency. 

Therefore, production functions have been replaced by both input and output distance 

functions to measure efficiency related parameters in literature with multiple outputs and 

multiple inputs. The input distance function identifies the minimum possible inputs to obtain 

a given set of outputs whereas; the output distance function identifies the maximum possible 

outputs from a given set of inputs. Therefore, the choice of distance function is mainly based 

on data as long as the data satisfies the conditions of the function. If it is an input distance 

function (2.20) or an output distance function (2.21) in general, they can be shown as 

following, where, y denotes the vector of both good outputs and bad outputs and x is the 

vector of inputs. 

D
 
(y,x )  =  max{λ: ( x/λ, y )  P(x,y)      

           (2.20) 
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If it is an output distance function, it can be written as following. 

D (x, y) =  min{θ: (x, y/θ )  P(x,y)      

           (2.21) 

 However, the functions above disregard the joint production of both good and bad 

outputs and its nature. Therefore, the literature has used different ways to capture the joint 

production of both good and bad outputs. Some of the studies argued that the production of 

bad outputs increases with good outputs because of its byproduct nature.  Therefore, there is a 

monotonic relationship between the good and bad outputs similar to the inputs and good 

outputs with a strong disposability assumption (see Lee et al. 2002; Hailu and Veeman 2001).  

 Fare et al. (2004) extended measure ofenvironmental efficiency by explaining the 

strong disposability assumption is not possible physically as it treats the bad output similar to 

the other outputs and inputs according to the traditional distance function introduced by 

Shepherd (1953). Therefore, Fare et al. (2004) came up with the weak disposability 

assumption and null joint-ness assumptions of production. Weak disposability indicates that a 

proportionate reduction is possible between two outputs; if (y,b)  p(x,y,b) and 0< θ < 1 and 

then (θy, θb)  p(x,y,b). Null jointness indicates that the production performance must be 

joined with the undesirable output, and the only way to avoid an undesirable output is to stop 

all production activities; (y,b)  P(x,y,b) so if b=0 then y=0. The function is directional as it 

has a directional vector for each and every output. 

The directional output distance function they have been used to measure 

environmental efficiency can be written as follows: 

 D(x,y,b:g) =  (λ: y + λ gy, c - λ gb) (2.22) 

where g denotes a directional vector, g= (gy, gb), which expresses the expansion of the 

desirable output in the direction of gy and the reduction of the undesirable output in the 

direction of gc, and  λ denotes the maximum proportion of the expansion or reduction in 
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production. Fare et al. (2004) developed a hyperbolic efficiency model to measure 

environmental efficiency, which access the ability of farms to simultaneously increase 

desirable outputs and reduce undesirable outputs. This measure benefits the producers for 

providing good outputs and panelizes for producing bad outputs. This procedure was 

followed by several studies afterwards (Wang et al. 2012; Wang et al. 2014). 

Some studies at the same time separated the production technology of good outputs 

from the production technology of bad outputs and separated the technical efficiency from 

environmental efficiency Fernandes, Koop and Steel (2005); Atkinson and Dorfman (2005); 

Forsund (2009); Murty et al. (2012). Fernandes, Koop and Steel (2005) used an empirical 

model of an input distance function which assumed that the frontier for the desirable outputs 

is only depends on inputs and the frontier for the undesirable output is determined by the 

amount of the desirable outputs produced and derived environmental efficiency using 

Bayesian measurements.  Some studies have been used different ways connecting methods 

from few studies. Tamini, Larue and West (2012) derived environmental efficiency following 

Fernandes, Koop and Steel (2005) production technology and Reinhard et al. 1999. The 

environmental efficiency (EE) measures;   

EEf = ln r bf - ln bf  = ln r      (2.23) 

where the log of input distance function of environmentally efficient producer is taken by 

replacing bf with rbf where r ≤ 1 and setting the technical inefficiency term uf to zero. Here f 

denotes the production function of environmentally efficient farm and b denotes the bad 

output.        

In addition, most recent studies have been used the material balance principle which is 

another way to separate the production technology of bad outputs from good outputs 

(Forsund 2009; Murty, Russell and Levkoff 2012; Guesmi and Serra 2015).  Malicov and 

Kumbhakar 2016 followed the same idea of two separate production technologies using a 
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different approach. This approach allows good and bad outputs to be related though a hedonic 

function, which is included in the production technology.  

When considering the second type; where the environmental effects are included in 

the vector of inputs, Reinhard et al. (1999) was the first to introduce this type of production 

technology and the measure of environmental efficiency (EE) as a non-radial input oriented 

measure.  

EE = min (θ: f (x, θb ) ≥ y } ≤ 1      (2.24) 

where the f is the production frontier, x is the vector of conventional inputs, b is an 

environmental detrimental input and y is an vector of outputs. However, irrespective of the 

method, the environmental efficiency has been estimated using both parametric and non 

parametric approaches (stochastic frontier and data envelopment analysis). 

Therefore the inputs used in the production process or an outputs produced in the production 

process can have an either positive or negative impact on the environment and environmental 

efficiency aims to take account of this impact in ranking economic units according to their 

level of efficiency. 

2.4. Previous Studies on Technical Efficiency and Environmental Efficiency 

in the Dairy Sector 

Selected studies that estimate economic efficiency and/or environmental efficiency 

using parametric and non-parametric approaches are discussed here. Beginning with the 

studies that focus on technical efficiency, Weersink, Turvey, and Godah (1990) use a non-

parametric method following Fare, Grosskopf and Lovell (1985), but relax the restrictive 

assumptions of strong input disposability and constant returns to scale in the transformation. 

The purpose of the study is to determine the technical efficiency of Ontario farms by scale, 

input congestion and pure technical efficiencies, and the authors found these efficiencies to 

be 96.79%, 99.84% and 94.94% respectively. Further, to estimate the impacts of explanatory 
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variables on technical efficiency, a non-linear least squares regression was used, and the 

results indicated that the herd size, output per cow, proportion of purchased feed used, and 

location all increased efficiency with statistical significance. On the other hand, the debt to 

asset ratio and building expense per cow both negatively impacted efficiency with statistical 

significance.  

Mbaga et al. (2003) used a decomposed parametric method and stochastic frontier 

analysis to estimate the technical efficiency of dairy farms in Quebec by using different 

functional forms and distributional assumptions. They found the generalized Leontief 

function to be the most appropriate functional form and a truncated normal error term to be 

the best representation of inefficiency. Under this specification, Quebec farms were on 

average 94.73% or 94.88% efficient, depending on if the farm was located in a maize-

producing region. Notably, the paper also examined the correlation between the results of this 

specification and data envelopment analysis. Under data envelopment analysis, the mean 

efficiencies for the two regions were 92.15% and 95.00%. While the mean efficiencies were 

not dissimilar under the two different estimators, the correlation of the two estimators was 

only 0.357. 

 Murora and Chidmi (2013) decomposed both data envelopment analysis and 

stochastic frontier analysis to determine technical efficiency scores for dairy farms in 

different states in the US. Those scores are used in logistic regression to see the impact of 

known technical and policy variables on the efficiency of dairy farms. Two federal milk 

policies – a marketing policy and a milk income loss policy – are considered in the study. 

Results revealed that the milk marketing program has a significant and negative impact on 

technical efficiency for both empirical methods, whereas the milk income loss program only 

has a significant and positive impact under stochastic frontier analysis. Both methods gave 

similar results on regional impacts and on estimated variables. 
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  Efficiency studies were extended to measure economic efficiency as well. Hailu, 

Jeffrey, and Unterschultz (2005) compared Alberta and Ontario dairy farms in their study 

using parametric analysis. This was done using sensitivity results to impose the curvature of 

the cost function. The measured mean efficiency scores for both Ontario and Alberta are 92% 

and 84% respectively with the curvature imposed, and 92% and 83% respectively without the 

curvature imposed Mean efficiency estimates were not greatly affected by input elasticities, 

and input demands were found to be sensitive to its imposition.   

Reinhard et al. (1999) were some of the first to measure environmental efficiency in 

the dairy sector by decomposing the stochastic frontier approach in order to determine the 

technical and environmental efficiency of Dutch dairy farms. In the study, nitrogen surplus 

was considered as a detrimental input, with surplus created by the excessive application of 

manure and chemical fertilizer. A stochastic frontier was used to estimate the output oriented 

technical efficiency, and environmental efficiency was estimated as the input oriented 

technical efficiency. The mean output oriented technical efficiency and input oriented 

environmental efficiency are 0.894 and 0.441 respectively. Further, they found that intensive 

dairy farms are more technically and environmentally efficient than extensive farms. 

 Slade and Hailu (2016) used a bootstrapped non-parametric analysis and an input 

distance function to measure cost efficiency on dairy farms under two different regulatory 

regimes: Ontario and New York State. They found that the farms which operate in a more 

regulated environment have a lower cost efficiency compared to the farms operating in a less 

regulated environment. Also, the allocative efficiency accounts for more of the difference in 

cost efficiency in the two regulatory regimes. 

Reinhard et al. (2006) decomposed both stochastic frontier analysis and data 

envelopment analysis in estimating environmental efficiency of Dutch dairy farms on the 

basis of nitrogen and phosphorous surplus. Results found that the mean technical and mean 
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environmental efficiency scores are different between the two methods. The mean technical 

efficiency scores are 89 percent and 78 percent for the stochastic frontier analysis and data 

envelopment analysis, and environmental efficiency scores are 80 percent and 52 percent for 

stochastic frontier analysis and data envelopment analysis respectively. 

Kumbherkar et al. (2014) presents an approach that represents the product 

transformation possibilities for a technology that generates both good and bad output 

production technology in order to measure efficiency of Dutch dairy farming systems. The 

model is comprised of two functions: an input distance function describing technically 

feasible input-output combinations, and a hedonic output function capturing relationships 

among good and bad outputs. The findings indicate that the nitrogen surplus abatement costs 

vary widely among Dutch dairy farms and that these costs have increased substantially over 

time. 

 

2.5 Summary 

The joint production of multiple outputs, both good and bad, is captured in an input distance 

function in this study. The parametric approach that is used follows Tamini et al. (2009) as 

discussed above, in order to measure both technical and environmental efficiency.  
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CHAPTER 3 

Data 
3.1 Introduction 

The purpose of this chapter is to provide an overview of the dairy sector in Ontario, as 

well as the data and variables that will be used to calculate economic and environmental 

efficiency. It begins with a brief discussion of the dairy sector in Ontario and how the sector 

contributes to greenhouse gas emissions, followed by a description of the data source and an 

explanation of the input and output variables used in the analysis. The third section describes 

the summary measures of the variables. 

 

3.2 Overview of Ontario Dairy Sector 

The Ontario dairy sector accounts for one-third of the total milk produced in Canada. 

Ontario milk production has increased over time from 23.8 million hL in 1996 to 26.1 million 

hL in 2012 (see Figure 3.1).  Over the same period, the milk production per cow has 

increased from 58 hL/cow 8 2hL/cow (Canadian Dairy Information Centre 2012).  There 

were 4,400 dairy farmers in the province and 315, 000 milking cows plus 173, 000 heifers 

over one year old in 2012. The annual farm gate value of milk from Ontario’s dairy farms is 

about $1.9 billion and accounts for about 19 percent of the province’s agricultural production.  
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Figure 3.1: Total Milk Production in Ontario (hL) from 1996-2012.  
Source: Canadian Dairy Information Centre, 2016. 

 

 

Growing evidence that links greenhouse gases to rising global temperatures and 

climate change is prompting efforts to find low cost methods of greenhouse gas mitigation. 

Figure 3.2 shows that total Canadian CO2eq (carbon dioxide equivalent) greenhouse gas 

emissions have been increasing throughout the period of 1990-2012. In 1990, emissions were 

below 519 million Mg but have increased to above 739 million Mg by 2012 with a peak of 

close to 900 million Mg in 2004. Figure 3.3 shows that the CO2eq greenhouse gas emissions 

from agricultural production have also been increasing over the same period from below46 

million Mg in 1990 and to over 55 million Mg in 2012. Figure 3.4 shows the contribution by 

different sectors to the change in total greenhouse gas emissions in Canada, and highlights 

that agriculture accounted for 18.5% of the increase over the period.  
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Figure 3.2: Total Greenhouse Gas Emissions (CO2 (Eq)) in Canada, 1990-2012.  
Source: UNFCC (2014). 

 

 
 

Figure 3.3: Total GHG Emissions (CO2 (Eq)) from the Agricultural Sector in Canada, 

1990-2012. 
Source:UNFCC(2014). 
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Figure 3.4: Percentage Change in Greenhouse Gas Emissions by Sector from 1990-2012. 
Source: UNFCC (2014). 

 

 

The Ontario dairy sector is responsible for one-quarter of the province’s total 

agricultural emissions (Environmental Commissioner of Ontario 2012). Dairy production 

accounts for approximately 2.64 Mt CO2eq emissions per year in Ontario (Jayasundara and 

Wagner-Riddle 2014). The primary sources of each greenhouse gas and their percentage 

share of total emissions from the dairy industry are listed in table 1 in appendix. Methane, 

which is produced from enteric fermentation, has the largest contribution to emissions. This 

is followed, in decreasing level of contribution, by (i) nitrous oxide production from 

agricultural soils, (ii) methane and nitrous oxide emissions from manure storage systems, and 

(iii) carbon dioxide emissions from energy use (Jayasundara and Wagner-Riddle 2014). 

There are also indirect sources of emissions associated with dairy production that lead to 

carbon (C) fluxing in or out of soil depending on changes in land use.  
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  3.3 Dairy Farm Data Source (ODFAP) 
 

The farm-level data used for this thesis was obtained from the Ontario Dairy Farm 

Accounting Project (ODFAP), which is a co-operative project between the Dairy Farmers of 

Ontario (DFO) and the Canadian Dairy Commission (CDC). ODFAP is used to estimate the 

cost of production for milk, which is subsequently used in negotiations with processors on the 

price of milk. Project representatives visit farms in the sample several times a year to collect 

financial and production information on over 2000 management variables.  

The farms surveyed represent a regionally stratified randomly sample selected from 

DFO files.  The number surveyed in ODFAP was 65 farms in 2010, 61 farms in 2011 and 56 

farms in 2012 (see Table 3.1). Approximately one-third of the farms sampled exit ODFAP 

each year and are replaced by other farms that stay in the survey for three years.  For 

example, 20 of the 56 farms in the 2012 ODFAF sample began that year while 14 were in the 

second year of the sample and 21 were in their third and final year. Dairy farms included in 

the study are considered as specialized dairy farms with > 90% of the annual revenue of the 

farm originating from milk production and sale. 

Table 3.1: Regional distribution of farms selected for ODFAP in 2010, 2011 and 2012. 

Region 2010 2011 2012 Sum 

Southern 15 12 12 39 

Western 30 23 22 75 

Central 6 6 5 17 

Eastern 14 20 17 50 

Total farms 54 47 42 143 

 

Summary measures of farm size and profitability are given for the sample farms in 

Table 3.2. The average farm size was approximately 87 cows and this has increased slightly 

over time with the smallest herd having 25 cows and the largest 350 cows. Average milk 

yield per cow was 7,900 L/cow and this average has remained relatively constant over time 

but productivity per farm has ranged from approximately 3,700 l/cow to over 10,400 l/cow.  
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The farms tend to focus exclusively on dairy production as milk sales represent over 90% of 

total revenue for the ODFAP farms over the three years. 

The dairy farms in the sample are generally very profitable.  The average net farm 

income for all farms was around $208,000 but some farms lost money while others made 

over $1million.  While most farms are profitable, all have significant net worth (total assets - 

total liabilities).  The average net worth across the sample is over $600,000 and this has 

increased by approximately $1 million in each year of the sample.  There is a small 

discrepancy with respect to the values obtained from the raw data and the ODFAP annual 

reports for 2010 to 2012. The ODFAP report for 2010 stated milk yield and net farm income 

are 474,444 litres and $150,323 respectively whereas, for 2011 those are 580,364 litres and 

$177,612 and for 2012, 601,449 litres and $178,601.  
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Table 3.2: Production and Financial Summary Measures of ODFAP Farms 

Variable Year Average Std Deviation Minimum Maximum 

Herd Size (# of cows) 2010 79.4 63.1 25 338 

 2011 88.8 72.5 33 337 

 2012 97.3 85.6 31 350 

 All 87.7 73.2 25 350 

      

Milk Yield (litres per cow) 2010 7,795.8 1,455.1 3,849.6 10,198.2 

 2011 7,985.1 1,628.6 3.744.9 10,439.7 

 2012 7,949.6 1,859.4 4,088.6 10,487.9 

 All 7,903.2 1,629.4 3,744.9 10,487.9 

      

Net Farm Income ($) 2010 177,309.5 158,030.2 13,642.8 725,071.1 

 2011 215,538.9 231,352.3 6012.1 1,363,662.0 

 2012 242,372.1 328,249.1 -19,063.0 1,383,775.0 

 All 208,983.7 241,858.4 -19,063.0 1,383,775.0 

      

Milk Sales (% of Revenue) 2010 0.90 0.11 0.27 1.00 

 2011 0.91 0.07 0.74 1.00 

 2012 0.89 0.09 0.67 1.00 

 All 0.90 0.09 0.27 1.00 

      

Net Worth ($) 2010 526,556.2 645,363.0 -888,385.7 2,202,394.0 

 2011 718,893.0 1,103,810.0 -1,035,183.0 4,389,312.0 

 2012 805,420.5 1,078,040.0 -865,013.5 4,290,582.0 

 All 671,676.0 948,544.7 -1,035,183.0 438,931.0 
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3.4 Variable Specification for Efficiency Analysis 
 

This section describes the variables that are used in the distance function to measure 

efficiency for multiple outputs and multiple inputs. The over 2000 variables in ODFAP for 

each farm are aggregated into four outputs and four inputs. The outputs are both desirable and 

undesirable. The desirable outputs are milk, crops and livestock, and the undesirable output is 

greenhouse gas emissions. The four inputs are capital, labor, feed and other. A detailed 

description of each variable will follow below, including how each variable is calculated.  

 

The Fisher Price Indexation technique is used for the aggregation of the data into the 

3 output and 4 input variables. The Fisher Price Index calculates an implicit quantity by 

dividing total revenue (expense) of the output (input) by the respective price index for the 

specific aggregate category and has been used in previous studies on efficiency estimation 

using the same data source (Hailu, Jeffrey and Unterschultz 2005; Moschini 1988). Its 

derivation involves first deriving the Laspeyers index and Paasche index, which are 

calculated as  

Laspeyers Index (LI) = 
     

     
        (3.1) 

Paasche Index (PI) = 
     

     
        (3.2) 

where Pi  is the price for the i
th 

 farm, Qi is the quantity for the i
th

 farm, P0 is the base year 

price, which is the average price for all farms in 2010, and Q0 is the base year quantity, which 

is the average quantity from all farms in 2010.  The Fisher Index (FI) is defined as 

FI =        .         (3.3) 



31 
 

The aggregation process for calculation of the FI is described in more detail below for the 

variables used in the analysis.  A quantity measure is obtained by dividing the respective 

dollar total of the output or input variable by the FI price index. 

 

3.4.1. Output Variables 

Milk 

The major desirable output variable is milk production.  The procedure used to create 

this variable is explained using the first ten farms of the 2010 ODFAP sample. Milk shipped 

and milk revenue for these farms is listed in Table 3.3.  The milk price for each farm ($/l), 

which is Pi in equations (3.1) and (3.2), is calculated by dividing annual milk revenue ($) by 

the quantity of milk shipped (liters). For example, the milk price for farm 1 is $0.79, which is 

equal to total sales of milk ($895,966) divided by the volume of milk shipped (1,131,103 

liters).  As expected given the supply management production system for milk in Ontario, the 

milk price for each farm is within a very small range with the difference varying with milk 

quality and composition.  The average milk price across all 10 farms, P0, is $0.8 per liter.  

The average quantity of milk shipped (Q0) for all ten farms is 619,236 liters. 

The Laspeyers price index (LI) is calculated for each farm using equation (3.1).  For example 

for the first farm in the sample of Table 3.3, LI is 0.9875 (= (0.79*619236)/(0.80/619236).  

Similarly, the Paasche price index (PI), which is calculated using equation (3.1) for the same 

farm is also 0.9875 (= (0.79*1131103) / (0.80 * 1131103).  The Fischer index from equation 

(3.3) is the square root of the product of the LI and PI or 0.9875. The resulting implicit 

quantity of milk is found by re-calculating milk revenue as quantity multiplied by the Fischer 

price index and then dividing the revenue by FI. Since there is only a single output for milk, 

the implicit and original quantities are the same.  These quantities differ for other output 

categories that have multiple components. 
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Table 3.3: Milk Shipped, Revenue, and Price for 10 farms in ODFAP and the Associated Laspeyers, Paasche and Fishers Indices  

Milk 

shipped 

litres (Qi) 

Milk 

revenue 

$ 

Milk 

price 

$/litre (Pi) 

P0 Q0 Laspeyers 

Index 

Paasche 

Index 

Fishers 

Index 

Implicit 

quantity 

of milk litres 

1,131,103 895,966 0.79 0.80 619,236.2 0.988 0.988 0.988 1,131,103 

250,374 197,749 0.79 0.80 619,236.2 0.987 0.987 0.987 250,374 

418,191 305,115 0.73 0.80 619,236.2 0.912 0.912 0.912 418,191 

257,917 202,298 0.78 0.80 619,236.2 0.980 0.980 0.980 257,917 

1,437,319 1,122,772 0.78 0.80 619,236.2 0.976 0.976 0.976 1,437,319 

427,857 320,597 0.75 0.80 619,236.2 0.937 0.937 0.937 4278,57 

440,881 350,123 0.79 0.80 619,236.2 0.993 0.993 0.993 440,881 

244,810 194,533 0.79 0.80 619,236.2 0.993 0.993 0.993 244,810 

381,298 307,270 0.81 0.80 619,236.2 1.007 1.007 1.007 381,298 

540,541 4378,33 0.81 0.80 619,236.2 1.012 1.012 1.012 540,541 

Note: LI = (PiQ0//(P0Q0) (see equation [1]); PI= (PiQi//(P0Qi) (see equation [2]); FI= (LI*PI)
0.5

(see equation [3]
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Livestock 

 The second “good” output generated by the dairy farms in the sample is livestock.  

Livestock sales consist of a number of different outputs, rather than a single one as in the case 

of milk.  Thus, a consistent aggregation process is necessary to arrive at a single output 

measure for livestock sales. 

The first step is to group the sources of livestock revenue into four categories: (1) 

dairy cows, (2) cull cows, (3) beef and replacement calves, and (4) all other livestock. The 

second step is to determine the implicit price for each category.  The aggregated revenue and 

the aggregated quantity are taken by summing up all the sub-category values and the implicit 

price is calculated by dividing the aggregated revenue by the aggregated quantity. The third 

step is to create the Laspeyers price index (LI) and Paasche price index (PI) and then 

thefisher price (FI) index for each category. Finally, dividing the total revenue or expense by 

the respective Fisher price index creates the implicit quantity index.  

To illustrate the process of calculating the livestock quantity for each farm, the values 

for two surveyed farms (farm 4 and 7) in 2010 are used and listed in Table 3.4.  The dairy 

cow category is comprised of breeding cows, open heifers and bred heifers.  Farm 4 sold 3 

cows and received $4,100 for an average price of $1,366.67 while farm 7 had no sales in the 

dairy category. In the cull category, farm 4 (farm 7) sold 6 (5) cull cows for $3,622.04 

($3,694.27) for an average price of $603.67 ($738.85) per cow.  The calf category consists of 

sales from heifer calves, bull calves, veal calves, steers, feeders, beef bull calves, beef heifer 

calves, beef veal calves, feeder cattle, and dressed beef.  Farm 4 sold 32 feeder calves for 

$35,926.66 resulting in average price of $1,397.11. Farm 7 sold 23 veal calves for $13,538.52 

and 332 feeder cattle for $497,985.12, resulting in average price of $1,440.91 per calf over all 

355 calves. The other livestock category consists of boars, sows sold, gilts, piglets, feeder 
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pigs, dressed pork, sheep, horses, beef cows, beef heifers, beef bulls, bulls. Farm 4 had no 

sales in the other livestock category while farm 7 sold 2 bull cows for $2,200 at an average 

price of $1,100. Thus, Farm 4 (7) had revenue of $43,649.06 ($515,417.91) from the sale of 

41 (360) animals in 2010.  If quantities are not available to calculate prices, the average price 

of the respective year was used. 

We split the other livestock category to cull cows and dairy cows on an equal 

proportion basis in order to convert this category into producer specific cow equivalents 

based upon the proportion of culls and dairy cows sold.  Farm 4 has no sales in the other 

livestock category so no modifications are necessary.  Farm 7, however, has $2,200 of sales 

in the other livestock category.  This revenue is split between the dairy and cull cow revenues 

but since farm 7 has no dairy revenue, the complete amount is shifted to cull cows.  Thus, the 

revenue from culls is now $5,894.27 (=$3,694.27 + $2,200) from the sale of 7.97 livestock 

units (=$5,894.27/$735.85) for an average price of $735.85 

In order to standardize the amount of livestock sold across farms (i.e. a bred heifer 

and bull calf are put into similar units), we determine a Fishers Price Index (FI).  As noted in 

equation (3.6), the FI is the square root of the product of the Laspeyres (LI) Price Index and 

Paache Price Index (PI).  The LI and PI for livestock are calculated as 

LI = 
                                 

                                   
      (3.4) 

PI = 
                                   

                                
       (3.5) 

where Pj,i is the price for livestock category j (j=D (dairy cows), C (cull cows), F (calves)) for 

farm i, Pj,0 is the base price for livestock category j across all farms in the three years, Qj,i is 

the number of livestock sold in livestock category j for farm i, and Qj,0 is the base number for 

livestock category j across all farms in the three years.  The base prices across the sample 

were $1,119.93 for dairy cows (PD,0), $729.04 for cull cows (PC,0), and $190.05 for calves 
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(PF,0). The associated base number sold in each livestock category was 10.53 (QD,0), 20.37 

(QC,0), and 41.46 (QF,0 ). 

 Given the base price and base quantity numbers across the farms in the sample, the LI
i
 

and PI
i
 can be calculated for farm i.  For example, the LI and PI for farm 4 are. 

LI = 
                                               

                                              
  =2.12    (3.4

4
) 

PI = 
                                   

                                  
  =3.15     (3.5

4
) 

and the resulting Fishers price index is 

FI =                     2.58     (3.6
4
) 

The corresponding values for farm 7 are 

LI = 
                                              

                                             
  =2.49    (3.4

7
) 

PI = 
                                      

                                      
  =7.06    (3.5

7
) 

FI =                       4.19     (3.6
7
) 

The livestock output for each farm is calculated by dividing the revenue from livestock 

sources by its Fisher price index.  In the case of farm 4, livestock output is 16,861.43 

(=43,648.70/2.58) and is 123,239.14 (=$517,417.91/4.19) for farm 7.  
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Table 3.4: Calculation of Livestock Sold for Sample of ODFAP Farms    

 

 

 

 

 

 

 

 

     

   

 

 

 

 

 

 

 

 

 

 

  

 Farm 4 Farm 7  Farm 7’ 

Dairy    

   Revenue $4,100.00 0 0 

   Quantity (QD,i) 3 0 0 

   Price (PD,i) $1,366.67 0 0 

Cull    

   Revenue $3,622.04 3,694.27 5,894.27 

   Quantity (QC,i) 6 5 7 

   Price (PC,i) $603.67 $738.85 $738.85 

Calves    

   Revenue $35,926.66 511,523.64 511,523.64 

   Quantity (QF,i) 32 355 355 

   Price (PF,i) $1,122.70 $1,440.91 $1,440.91 

Other    

   Revenue 0 2,200 - 

   Quantity (QLO,i) 0 2 - 

   Price (PLO,i) 0 1,100 - 

Total    

   Revenue $43,648.70 $517,417.91 $517,417.91 

   Quantity (QF,i) 41 362 362 

   Price (PF,i) $1,064.60 $1,429.33 $1,429.33 

Base values    

Dairy    

   Quantity (QD,0) 10.53 10.53 10.53 

   Price (PD,0) $1,119.93 $1,119.93 $1,119.93 

Cull    

   Quantity (QC,0) 20.37 20.37 20.37 

   Price (PC,0) $729.04 $729.04 $729.04 

Calves    

   Quantity (QF,0) 41.46 41.46 41.46 

   Price (PF,0) $190.05 $190.05 $190.05 

Laspeyres Index 2.12 2.12 2.49 

Paache Index 3.15 3.15 7.06 

Fishers Index 2.58 2.58 4.19 

Revenue $43,648.70  $517,417.91 

Implicit Quantity 16,861.43  123,239.14 
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Crop 

The third ‘good’ output is crops. The first step is to group the sources of crop revenue 

into five categories: 1) hay, straw and pasture; 2) corn silage; 3) corn, 4) wheat, barley and 

mixed grain; and 5) other.  The second step is to determine the price for each category. The 

implicit price is taken by dividing the aggregated revenue by the aggregated quantity where 

the aggregated revenue and the aggregated quantity are taken by summing up all the sub 

category revenues and quantities. The third step is to create the Laspeyers index (LI) and 

Paasche index (PI) and then the Fisher price (FI) index for each category. Finally, the implicit 

quantity index is created by dividing the total revenue or expense by respective Fisher price 

index.  

To illustrate the process of calculating the crop quantity for each farm, the values for 

farms 4 and 7 in 2010 are again used (see Table 3.5).  Farm 4 (farm 7) had a negative change 

in inventory for hay/straw over the year of -19.8 MT (-13 MT) for a decline in revenues of $-

2,151 ($-1,104).  Thus, its average price of hay was $108.63 ($84.92). Farm 4 sold 98.75 MT 

of corn silage for $8,700 for an average price of $88.54 per MT. Farm 7 had a negative 

change in inventory for corn silage over the year of -221.7 MT valued at $2,900 so the 

average price was $13.04 per MT. Farm 4 received $10,597 from selling 32MT of corn for an 

average price of $331.15. As with corn silage, the amount of corn in storage fell for farm 7 

fell by -3 MT over the year and this represented a decline in $240 so the average price was $-

80. Farm 4 (Farm 7) also received $6,950 ($7,720) from the sale of 40MT (-16.2MT) of 

wheat for an average price of $173.75 ($-476.54). Farm 4 and farm 7 had no sales in the other 

crop category.  Thus, farm 4 had total crop sales of $24,096 and farm 7 sold $3,956 in 2010. 

As the negative prices are not possible, all the negative prices were replaced by the mean 

price of the particular category for the respective year and also the negative quantities were 

replaced by zero (see farm 4’ and farm 7’columns of table 3.5). 
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In order to standardize the amount of crop sold across farms, we determine a Fishers 

Price Index (FI).  As noted in equation (3.3), the FI is the square root of the product of the 

Laspeyres (LI) Price Index and Paache Price Index (PI).  The LI and PI for crop are 

calculated as 

LI = 
                                                           

                                                             
   (3.4’) 

PI = 
                                                             

                                                        

    (3.5’) 

where Pj,i is the price for crop category j (j=H (hay), CS (corn silage), C(corn) ,W (wheat), O 

(other)) for farm i, Pj,0 is the base price for crop category j across all farms over three years. 

Qj,i is the amount sold in crop category j by farm i, and Qj,0 is the base number of crop 

category j across all farms over three years.  The base price values across the sample in each 

category was $303.80 for hay (PH,0), $829.75 for corn silage (PCS,0), $273.80 for corn (PC,0), 

$229.73 for wheat (PW,0), and $491.24 for other (PO,0). The associated base number sold in 

each crop category was 25.39 (QH,0), 66.17(QCS,0),  94.33(QC,0 ),  31.11(QW,0), and 

40.90(QO,0). 

 Given the base price and quantity numbers across the farms in the sample, the LI
i
 and 

PI
i
 can be calculated for farm i.  For example, the LI and PI for farm 4 are. 

      LI = 
                                                                

                                                                          
  = 0.42       (3.4

4
) 

 

       PI = 
                                                    

                                                            
  =0.27       (3.5

4
) 

and the resulting Fishers price index is 

FI =                     = 0.37         (3.6
4
) 

The corresponding values for farm 7 are 

LI = 
                                                                  

                                                                          
 =0.46(3.4

7
)                         
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PI = 
                                              

                                                 
  =0         (3.5

7
) 

FI =                      (infinite value was replaced by 1)  (3.6
7
) 

The crop output for each farm is calculated by dividing the revenue from crop sources by its 

Fisher price index.  In the case of farm 4, crop output is 63,534(=$24,096.00/0.37) and is 

3,656.00 (=$3,656.00/1.00) for farm 7. After calculating the implicit quantities for 143 farms, 

‘1’ is added to each implicit quantity of crop output to avoid dropping farms with zero 

quantities. 

 

Table 3.5: Calculation of Crop Sold for Sample of ODFAP Farms 

 Farm 4 Farm 4’ Farm 7 Farm 7’ 

Hay     

   Revenue $-2,151.00 $-2,151.00 $-1,104.00 $-1,104.00 

   Quantity  -19.8 0 -13 0 

   Price  $108.63 $103.98 $84.92 $103.98 

Corn silage     

   Revenue $8,700.00 $8,700.00 $-2,900.00 $-2,900.00 

   Quantity  98.75 98.75 -221.70 0 

   Price  $88.54 $88.54 13.04 $279.73 

Corn     

   Revenue $10,597.00 $10,597.00 $240.00 $240.00 

   Quantity  32 32 -3 0 

   Price  $331.15 $331.15 $80.00 $280.00 

Wheat,      

   Revenue $6,950.00 $6,950.00 $7,720.00 $7,720.00 

   Quantity  40 40 -16.2 0 

   Price  $173.75 $173.75 $-476.54   $186.96 

Other     

Revenue 0 0 0 0 

Quantity 0 0 0 0 

Price 0 0 0 0 

Total       

   Revenue $24,096.00 $24,096.00 $3,956.00 $3,956.00 

   Quantity  170.25 170.75 -237.70  

   Price  $141.53 $141.11 $-16.64 $ 

Base values     

Hay     

   Quantity 25.39 25.39 25.39 25.39 

   Price -746.46 $303.80 -746.46 $303.80 

Corn silage     

   Quantity 66.17 66.17 66.17 66.17 
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Greenhouse Gas (GHG) 

This section summarizes the method used to estimate greenhouse gas (GHG) 

emissions associated with milk production. The analysis was performed according to the 

attributional life cycle assessment (LCA) principles, which are recommended by the 

International Dairy Federation (IDF 2010). The estimation of greenhouse gas emissions was 

based on the Intergovernmental Panel for Climate Change (IPCC) tier 2 modeling approach, 

using an in-house developed spreadsheet model, and adapted to Canadian conditions 

(Rochette et al. 2008; and Little et al. 2013).  

The greenhouse gas emissions were calculated from four sources: (1) methane (CH4) 

emissions from enteric fermentation, (2) CH4 and nitrous oxide (N2O) emissions from 

manure management, (3) N2O emissions from land used for growing feed crops for dairy 

cattle, and (4) carbon dioxide (CO2) emissions from the use of fossil fuel based energy.  Total 

greenhouse gas emissions are measured in CO2 equivalents (CO2eq) using the global 

warming conversion factors of 25 kg of CO2eq kg
-1

 of CH4 and 298 kg of CO2eq kg
-1

 of N2O 

(IPCC 2007). The functional unit is 1 kg of fat and protein corrected milk (FPCM) - milk 

   Price 508.01 $829.75 508.01 $829.75 

Corn     

   Quantity 94.33 94.33 94.33 94.33 

   Price 249.52 $273.89 249.52 $273.89 

Wheat,     

   Quantity 31.11 31.11 31.11 31.11 

   Price 207.19 $229.73 207.19 $229.73 

Other     

   Quantity 40.90 40.90 40.90 40.90 

   Price 491.24 $491.24 491.24 $491.24 

Laspreyers Index 0.97 0.42 -0.02 0.46 

Paschee Index 0.39 0.27 0.91 0 

Fishers Index 0.62 0.37 1.00 1.00 

Total Revenue $24,096.00 $24,096.00 $3956.00 $3956.00 

Implicit Quantity 38,765.21 63534 3,656.00 3,656.00 
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standardized to 4% fat and 3.3% protein - which was calculated based on the following from 

the IDF (2010): 

FPCM = production (kg/yr) x (0.1226 x fat% + 0.0776 x true protein% + 0.2534) [6] 

The procedure for calculating emissions from each of the four sources is explained below. 

CH4 emissions from enteric fermentation 

Ruminants produce methane gas as a byproduct of enteric fermentation, when 

complex carbohydrates are broken down into simple compounds in the gut. The gut structure 

of these animals provides an environment for extensive fermentation of their food. The 

amount of methane that is released is dependent on several factors such as age, live weight 

and the productivity (e.g. milk production and live weight gain)  of the animal as well as the 

composition of the feed ration and the amount of feed dry matter consumed (Ellis et al. 

2008).  According to the IPCC (2006) Tier 2 algorithm, two main parameters are used to 

estimate enteric CH4
 

production are (i) the animal’s daily gross energy intake (GEI, 

MJ/head/day) and (ii) a methane conversion factor Ym, the proportion of daily GEI converted 

to CH4.  One important drawback of this algorithm is its inability to account for the effect of 

the variation in feed ration composition on enteric CH4 production. 

There are several mathematical models available in the literature for estimating 

enteric CH4 production in dairy cattle depending on the production level and feed 

composition (e.g. Ellis et al 2007; Moraes et al. 2014).  For this analysis two different models 

that were developed using empirical data from Canadian and North American Holstein dairy 

cattle were used to calculate methane emissions from different dairy cattle categories. For 

lactating dairy cows, the following empirical model developed using the published Canadian 

research data was used (Jayasundara et al, manuscript in preparation):  

                                                          

                           (3.7) 
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where,  CH4 is enteric methane production (g/cow/d), FCM is fat corrected milk yield 

(kg/cow/d), Starch% is dietary starch (% of DM), EE% is dietary ether extract (% of DM), 

and BW is body weight (kg/cow). 

 For dry cows and heifers, two separate mathematical models developed using the 

results from studies involving North American Holstein dry cows and heifers conducted at 

the USDA Energy Metabolism Unit (Moraes et al. 2014) were used. 

For dry cows the empirical model is: 

                                         (3.8)  

For heifers > 6 months the empirical model is: 

                                            (3.9) 

where NDF = dietary neutral detergent fiber (% of DM) 

The feed nutritional variables such as starch content, EE, NDF and gross energy (GE) 

content for the above equations were calculated using the proportional ingredient distribution 

of the daily dry mater intake and the standard nutrient composition of different ingredients 

provided in North American feed tables (NRC 2001).  The proportional ingredient 

distribution of the daily dry matter intake was calculated based on the amounts of different 

feed ingredients fed to a particular dairy cattle category as provided in the ODFAP data. The 

annual feed consumption (Mg ‘as fed’/year) from given in ODPAF data for each feed 

ingredient was converted to dry matter (Mg DM/year) using the standard dry matter fraction 

for different feed ingredients provided in North American feed nutrient composition tables 

(NRC 2001).  Per head daily dry matter consumption (kg DM/head/day) from each feed 

ingredient was then calculated using the average number animals in that particular cow 

category and number of days in the year.  Finally, per head daily dry matter consumption 

from different ingredients was obtained by taking the total dry matter intake per head per day.  
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Average body weight (BW) for lactating cows was calculated by taking the average 

body weight for dairy cows for each farm as obtained from the ODFAP data. Annual milk 

production data from ODFAP, which is expressed in liters, was converted to kg assuming a 

specific gravity of raw milk of 1.03 kg/liter (DFO 2014), and then converted to energy 

corrected daily milk yield (ECM) using the milk fat percentage and milk protein percentage 

reported for each farm in ODFAP data and using the approach explained by IDF (2010). The 

annual average ECM yield per cow was then calculated by dividing the total by the average 

number of cows per farm.  The daily ECM yield (kg ECM/cow/day) was adjusted for a 305-

day lactation length per cow (DHI, 2010). 

After calculating the daily enteric CH4 production rates from each of the three  models 

explained above, those rates were used to obtain annual enteric CH4 emission factors (kg 

CH4/head/year) for each cow category in a given farm.  Total enteric CH4 production for a 

given cow category was estimated using the annual emissions factor for that cow category 

and the average number of dairy animals in that same cow category.  Finally, ‘the total annual 

enteric CH4 production’ for the whole farm was estimated by summing up the total CH4 

production of all four cow categories in that farm. 

CH4 and N2O emissions from manure management: 

Manure management practices on a dairy farm emit both methane and nitrous oxide 

(N20). Methane is produced during manure storage, manure deposited on pasture, as well as 

from the treatment of manure. Nitrous oxide is produced directly and indirectly during 

manure storage and the treatment of manure. The direct emissions of nitrous oxide are from 

combined nitrification and de-nitrification of nitrogen contained in manure, whereas indirect 

emissions are from volatile nitrogen losses that occur primarily in the form of ammonia or 

oxides of nitrogen. The main factors affecting the level of methane emissions from manure 
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are the amount of manure produced and the proportion of manure that decomposes 

anaerobically. 

Methane emissions from manure management were estimated using the IPCC (2006) 

Tier 2 method, which requires information on the quantity of volatile solids (VS) excreted, 

maximum CH4 producing potential (Bo), manure management system (MS), and CH4 

conversion factors (MCF) for each specific manure management system.  For each manure 

system, the algorithm to estimate CH4 emissions from stored manure is (IPCC, 2006): 

                            (3.10) 

The volatile solids (VS) excretion rate (kg head
-1

 day
-1

) was estimated according to 

the IPCC (2006) methodology using the reported feed dry matter intake, feed digestibility 

based on the organic matter digestibility for different feedstuffs from NRC (2001), and the 

manure ash content (80 g kg
-1

 DM, IPCC 2006).  For the maximum CH4 producing potential 

(Bo), 0.24 and 0.17 m
3
 CH4 kg

-1
 VS were used for lactating dairy cows and other dairy cattle 

respectively based on USEPA (2013). The MS refers to the proportion of VS managed using 

different manure management systems in each farm.  The type of manure management 

systems used in dairy farms are provided as either ‘liquid system’ or ‘solid system’ for each 

farm included in the ODFAP database.  However, in each farm, each animal group spent 

some time of the day on small pasture areas/exercise paddocks, and manure excreted while 

animals on these pastures are not systematically managed.  The fraction of time each animal 

group spent on pasture was used to determine the proportion of manure VS directly excreted 

on pasture in each farm. This proportion was subtracted from the daily VS excretion rate to 

determine the proportion of manure actively managed using the reported manure 

management system in each farm.  The average CH4 conversion factor (MCF) for the liquid 

manure system is 0.14 based on Jayasundara et al. (2016) and the values for solid manure and 
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manure directly excreted on pasture were default MCF values 0.02, and 0.01 based on IPCC 

(2006). 

When considering the direct and indirect N2O emissions from manure management, it 

requires the estimation of N excreted by dairy cattle.  The N excretion rates (NE) were 

estimated using the equations recommended by ASAE (2005). The inputs used for these 

equations were crude protein (CP) content of the feed and daily DMI. Those were the same 

values estimated for determining the enteric CH4 emissions as explained above.  The N2O 

emission factors for solid dairy manure systems and liquid systems were based on the IPCC 

(2006) and were 0.0125 kg N2O-N kg
-1

 and 0.0035 kg N2O-N kg
-1

 respectively. 

Indirect N2O emissions from manure management systems are from volatilization of 

NH3 and NOx (FracGas-MS) and runoff/leaching (FracRunoff-Leach).  These were estimated 

using the IPCC (2006) default emission factors.  Both direct and indirect N2O emissions from 

manure directly excreted on pasture and paddocks were calculated using the same approach, 

but not included under this category, as they were included under the emissions from soils.   

Greenhouse gas emissions associated with feed production 

Ontario dairy farms use a mix of purchased and home-grown feed.  Purchased feed 

consists mainly of formulated dairy rations for cows and heifers, calf rations, by-product 

feed, brewers’ grains, and protein supplements. Greenhouse gas emissions associated with the 

purchased feed were estimated using the emission co-efficient for each purchased feed 

component (kg CO2 eq. kg
-1

 feed) based on conditions in Ontario from the published data 

(Alberta Environment 2010; McGeough et al. 2012; Adom et al. 2012; Adom et al. 2013).  

Home-grown feeds include small grains, grain corn, silage corn, alfalfa-grass 

mixtures used as hay and haylage, and pasture. Greenhouse gas emissions associated with the 

production and supply of homegrown feed are (1) N2O emissions from the soils where feed 

crops are grown and (2) CO2 emissions resulting from the direct and indirect energy use in 
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field work, and emissions associated with production and transportation of inputs for crop 

production.  

N2O emissions from soil:  

Direct N2O emissions of N inputs were estimated using the country-specific tier 2 

methodology (Rochette et al. 2008).  The average N2O emission factor used for this 

calculation of 0.0124 kg N2O-N kg
-1

 N was derived from emission factors for Ontario eco-

districts (Rochette et al. 2008) weighted by the fraction of agricultural lands in each eco-

district.  There are three types of N inputs based on the data: crop residue N returned to soil, 

dairy manure applied as fertilizer (MN) and synthetic fertilizer N (SFN).  The amount of crop 

residue N returned to soils from each crop type was estimated on the basis of average crop 

yields for each crop type for each farm within the ODFAP data using the method by Janzen et 

al. (2003). MN applied to different crops (kg MN ha
-1

) was not reported in the ODFAP data 

and also none of the farms reported dairy manure ‘sold’ or ‘exported’ from farms, implying 

that dairy manure generated in each farm was used as fertilizer to crops within the farm. 

Therefore with the assumption that all MN remaining in storage (MNAvailable) was applied to 

crops after some period, N losses during the storage period were calculated by multiplying 

the amount of MN actively managed by the fraction of MN loss for a given manure system 

(FracLossMS).  The average value of FracLossMS was 0.35 for solid manure systems and 0.40 for 

liquid manure systems (Environment Canada 2013). Since different crops need different 

amounts of N according to their agronomic N recommendation rates, amount of MN applied 

to each specific crop j (MNApplied,j) in a farm was estimated using an allocation factor [amount 

of N recommended to crop j (NRCMD, j) in a farm relative to the total amount of N 

recommended to all crops in that farm (TNRCMD,FARM)]. This MN calculation is shown below, 

with the assumption that the farmer is efficiently allocating MNAvailable according to the 

relative requirement of each crop following Huffman et al. (2008). The amount of N 
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recommended to crop j, (NRCMD,j) is calculated as the product of agronomic N rate 

(OMAFRA 2009) recommended to crop j (kg N ha
-1

 year
-1

) by area of crop j (ha) in the farm, 

and the total amount of N recommended to all crops in a farm (TNRCMD,FARM) was the sum of 

the total N recommended for each specific crop in the farm.  

     MNApplied,j (kg N year
-1

) = MNAvailable (kg N year
-1

) × (NRCMD,j/TNRCMD,FARM)  (3.11) 

SFN applied to crops where available, as the total amount of N, P, and K used for each 

crop type.  Thus, the amount of SFN in the fertilizer mix applied for a given crop type was 

estimated with the assumption that the NPK ratio in the inorganic fertilizer mix is 

representative of the average NPK ratios in the fertilizer mix sold in Ontario, which is 2:1:1. 

Indirect N2O emissions attributable to NH3 volatilization from applied N were 

estimated according to the IPCC 2006 Tier 1 approach. IPCC 2006 default values for the 

fraction of SFN loss from volatilization (FRACGas-SFN; 0.1 kg NH3-N kg
-1

 SFN applied) and 

the fraction of applied manure N loss from volatilization (FRACGas-M; 0.2 kg NH3-N kg
-1

 

manure N applied) were used to estimate the amount of N losses from SFN and MN due NH3 

volatilization. Indirect N2O emissions resulting from leaching and runoff N losses from N 

inputs (SFN, MN and crop residue N) were estimated according to the IPCC 2006 Tier 1 

method with a variable leaching fraction (FracLeach) based on the ratio of growing season 

precipitation to potential evapo-transpiration (Rochette et al. 2008). The estimated average 

FracLeach for Ontario was 0.26 kg N kg
-1

 N (Rochette et al. 2008). 

CO2 emissions associated with direct and indirect energy use in feed production:  

This category of emissions is comprised of carbon dioxide emissions from diesel for 

field work, manure application and propane for grain drying, and emissions related to off-

farm energy used for the production and supply of chemical fertilizer and pesticides. The 

energy coefficients and associated CO2 emission factors to calculate the emissions of this 



48 
 

category were obtained from the literature specific to eastern Canada (‘HOLOS’ database, 

Little et al. 2008). 

CO2 emissions associated with other farm activities 

This emissions category is comprised of the emissions from the electricity used in 

milking, refrigeration and gasoline use in transportation. The annual usage of electricity and 

gasoline are reported in the ODFAP data.  In order to calculate the CO2 emissions associated 

with other farm activities, the energy coefficients and associated CO2 emission factors for 

quantifying these emissions were obtained from the ‘HOLOS’ database (Little et al. 2008). 

Table 3.6: Calculation of GHG for Sample Farms 

Emission Source (kg CO2eq/yr) Farm 4 Farm 7 

Enteric fermentation  126,901.00 117,089.00 

Manure management 39,275.00 41,277.00 

Feed associated emissions 81,913.63 203,077.91 

Emissions from on farm energy 39893.45 60,243.85 

 

3.4.2. Input Variables   

Capital 

Capital presents a challenge because unlike other inputs that are purchased and 

utilized in the same period, the lifespan of capital inputs usually extends past a single 

production year. To address the challenge of measuring an annual user cost of capital for 

major assets, this thesis follows Coelli et al. (2005) and uses the following weighted average 

formula that considers interest rates and depreciation rates to accurately measure the cost 

incurred by producers within a given production year; 

Cost of capital = [(1 - g) * re ] + [ g * rd ] +  δ    (3.12) 

where g is the debt to asset ratio for the farm, re is the cost of equity, rd is the cost of debt, 

and δ is the depreciation rate (or property tax rate for real state). 

The first step is to determine the asset value for each farm, which is the sum of 

livestock, machinery related equipment, infrastructure and real estate and the debt for each 
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farm by averaging the liabilities to get the debt to asset ratio (g).  The next step is to obtain 

values for the costs of equity and cost of debt along with depreciation rates as required by 

equation (3.12).  The cost of equity (re) is assumed to be equal to the three-year average of 

corporate bond yields.  The cost of debt (rd) is the average annual prime rate.  Both rates are 

from the Bank of Canada. The depreciation rates for machinery and buildings are calculated 

by dividing depreciation costs for real state and equipment given for each farm by ODFAP by 

the total quantity of each asset respectively.  The third step is to substitute the interest rates 

and depreciation rates into (3.12) and obtain the weighted average interest rate following 

Coelli et al. (2005) for livestock. The fourth step is to determine the total annual cost of 

capital.  The next step is to add rental expenses for land, machinery, livestock, and expenses 

generated from maintenance and repairs of capital, which are directly available in ODFAP, to 

the cost of capital obtained in step four. Finally, the total cost of capital is divided by the 

price index to get the implicit quantity of capital.  

The process of calculating the capital input for each farm is illustrated using farm 4 

and farm 7 (see table 3.7). The total asset value for farm 4 in 2010 was $1,519,782.30, which 

is the sum of the value of livestock ($126,845), machinery ($499,249.24) and real estate 

($893,688.07) and the total asset value for farm 7 was $ 1,564,375.60. Total debt for farm 4 

(farm 7) was $82,274.11 ($556,679.56).  Thus, the debt to asset ratio (g) for farm 4 in 2010 

was 0.05 (=82,274.11/1,519,782.30) and 0.35 (=556,679.56/1,564,375.60) for farm 7 in 2010.  

The annual average of corporate bond yields (re) for 2010 was 1.53, 1.52 for 2011, and 1.11 

for 2012 (From CANSIM table 1760043). The average prime rate (rd) for 2010 was 2.60, 

3.00 for 2011, and 3.00 for 2012 (from CANSIM table 1760043).  

The next step is to calculate depreciation rates. The real estate depreciation rate for 

farm 4 was calculated by dividing the real estate depreciation expense ($7,600.94) by the 

asset value of real estate, ($893,688.07) resulting in rate of 8.5*10
-3
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(=$7,600.94/$893,688.07). The machinery depreciation rate for farm 4 in 2010 of 0.086 was 

calculated by dividing machinery depreciation expense ($42,995.70) by the asset value of 

machinery ($499,244.29). Similarly, the real estate depreciation rate and the machinery 

depreciation rate for farm 7 were 0.038 (=$5,4800.70/$909,149) and 0.006 

(=$12,761/$328,929) respectively. The property tax rate of 0.004 for farm 4 was calculated 

by dividing property taxes of $3,573.31 in 2010 by the value of real estate ($893,688.07). The 

property tax rate of farm 7 was 0.008 (=$7,746/$909,149). Substituting the values into [11], 

the weighted average interest for farm 4 is 

I = [1- 0.05]*0.0153 + [0.05*0.026] = 0.02            (3.12
4
’) 

and for farm 7 is  

  I  = [1- 0.35]*0.0153 + [0.05*0.026] = 0.02          (3.12
7
’) 

The depreciation rate δ in (3.12) is a weighted average of the depreciation rates for the 

major asset categories.  Following Slade and Hailu (2012), the average user cost of capital 

(CC) is 

CC = {I + δLand + Property tax rate}*(Land/Asset) + {I + 

δMachinery}*(Machinery/Asset) + {I}*(Livestock/Asset)    (3.13) 

where δi is the depreciation rate for asset I (i= Land (real estate), Machinery), Land is the 

value of real estate, Asset is the total value of all assets, Machinery is the value of machinery, 

and Livestock is the value of livestock.  For farm 4, the average user cost is 

CC4 = {[0.02 + 0.008 +0.0039]*[$89,3688/1,519,782]% + [0.02 + 

0.0861]*[$499,249/1,519,782]%+ 0.02*[$126,845/1,519,782]%  (3.13
4
) 

= 2.57 

and for farm 7, the average user cost of capital is 

CC7 = {[0.02+ 0.006 + 0.0081]*[909,149/1,564,375]% + [0.02 + 

0.0861]*[328,926/1,564,375]% + [0.02]*[326,296/1,564,375]% (3.13
7
) 
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= 2.23 

The average user cost of capital given by (3.13) is multiplied by the asset value to 

come up with an annual capital cost to which rental expenses (Rental) and maintenance costs 

(Maintenance) are added.   

Total cost of capital = (CC * Total Assets) + Rental + Maintenance  (3.14) 

Since the rental expenses for real state, machinery and livestock for farm 4 were $3,251.25 

and the maintenance costs of buildings and repairs were $19,190.18, the total user cost of 

capital was, 

 Total cost of capital4 = $1,519,782* 2.57+$19,190.28+ $3,251.25  (3.14
4
) 

 

              = $3,940,012 

For farm 7, the annual cost of capital is 

Total cost of capital7 = (1,564,375*2.23) + $57,133.76+ $5,710  (3.14
7
) 

    = $3,560,261 

 

Finally, the implicit quantity of capital is obtained by dividing the total cost of capital 

(3.14) by the user cost of capital (3.13).  For farm 4, the quantity is 1,887,676 

(=$3,940,012/2.57) and for farm 7, the quantity is 1,592,485.30 ($3,560,261/2.23) 

Table 3.7: Calculation of Capital for Sample Farms 

 Farm 4 Farm 7 

Assets    

    Livestock $126,845 $326,296 

    Machinery $499,249 $328,929 

    Real Estate $893,688 $909,149 

      Total assets $1,519,782 $1,564,376 

Liabilities $82,274 $556,679 

Debt to asset ratio (g) 0.05 0.35 

Cost of equity (re) 1.53 1.53 

Cost of debt (rd) 2.60 2.60 
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Depreciation   

    Machinery $42,996 $12,761 

    Real Estate $7,601 $5,481 

Depreciation Rate 
 

 

    Machinery 0.086 0.038 

    Real Estate 0.0085 0.0060 

Property Tax $3,573 $7,446 

Property Tax Rate 0.004 0.008 

Rental Expenses $3,251.25 $5,710.00 

Maintenance Expenses 19,190.18 $57,133.76 

   

Avg Interest Rate of livestock 

(I) 

0.02 0.02 

Avg user cost of capital 2.57
 

2.23 

Total User Cost of capital $3,940,012 $3,560,261 

Quantity 1,528,488.20 1,592,485.30 

 

 

Labour 

Total labour work hours are measured for a variety of activities on each farm in the 

ODFAP dataset. Labour input is the sum of the total amount of labour (hired and family) 

used across activities. The total labour hours for farm 4 are 4,215 and 7,272.3 hours for farm 

7 in 2010. 

 

Feed 

Feed consists of four categories: (1) purchased feed supplements, (2) rations, (3) 

purchased feedstocks; and (4) milk replacer.  In order to create a quantity measure of the feed 

used, the first step is to aggregate the expenses on feed into the above four categories. 

Second, the prices for each category are determined using the dataset by dividing the 

expenses by the respective quantity of the feed used. If the quantities are not available, they 



53 
 

are determined by dividing the expenses by the prices. Then similar to the livestock and crop 

output variables and the other input variable (discussed in the next sub-section), a Laspeyers 

index (LI) and Paasche index (PI) and then the Fisher price (FI) index for each category are 

created. Finally, the implicit quantity index is estimated by dividing the total expense by the 

respective Fisher price index.  

Farm 4 and farm 7 are used again to illustrate the process of calculating the feed 

quantity for each farm (see Table 3.8).  The cost of purchased feed consists of expenses on 

commercial feed, pro-supplements, by-product feed, and brewer’s grain. The price for each 

sub-category is created by dividing the expenses by the respective quantity purchased. The 

prices of the categories which do not have purchases recorded in the data were replaced by 

the mean price of the particular category. Then the quantity of purchased feed is created by 

dividing the total expenses of purchased feed category by the aggregated price. Farm 4 spent 

$12,845.68 (=$2,613.78+10,231.90+0+0) on commercial feed, pro-supplements, by-product 

feed, and brewer’s grain to purchase 43.74 tons of supplemental feed. Farm 7 spent 

$43,739.61 of total (=$28,875.45+14,675.16+$189+0) to purchase 251.55 tons of 

supplemental feed. The mean aggregated price was used in further analysis and the mean 

price for farm 4 (farm 7) was $311.09 ($321.90). 

The second feed expense category is that associated with dairy and calf rations. The 

prices for each category are again calculated by dividing the expenses by the quantity 

purchased. Farm 4 (farm 7) spent $1,147.14 ($1,619.63) on calf rations to purchase 1.93 tons 

(2.8 tons) at a price of $594.37 ($578.43) and both farms did not buy any dairy ration. The 

mean prices for farm 4 and farm 7 are $473.29 and $465.32 and those were used in further 

analysis. 

Feedstocks purchased include expenses on corn, corn silage, hay and wheat. Crop 

prices are taken from the CANSIM (see Table 3.8) and compared with the prices calculated 
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in the crop output.  If the CANSIM prices are 25% below or above to the prices calculated in 

crop output, those were replaced by the prices from crop output. The quantity of each 

feedstock purchased is determined by dividing the expenses of each component by its 

respective price. Farm 4 spent $11,866.05 on wheat (0), hay ($1,570), corn silage (0) and 

corn ($10,296.50). Given the prices indexes were $173.75, $231.87, $50, and $108.63, the 

total quantity purchased by farm 4 was 101.54 tons (6.70 tons of hay and 94.78 tons of corn). 

Farm 7 spent $62,380.87 feedstocks and all of it in the form of corn.  Given the price of 

$84.92 it bought 734.55 tons of corn silage. Any negative (positive) inventory changes of 

expenses for crop output are added (deducted) to this expense category. Inventory change of 

expenses for crop output for farm 4 is $2,046 and $0 for farm 7. Therefore, total expenses on 

feedstocks for farm 4 were $13,912.05 (=$11,866.05 +$2,046) to purchase 120.37 

(101.54+18.83) tons of feedstock. Total expenses on feedstock for farm 7 were $62,380.87 

($62,380.87 + $0) to purchase 734.55 tons of feedstock. The mean prices were calculated for 

further analysis and those are $141.06 for farm 4 and $103.44 for farm 7. 

The fourth feed expense category includes milk replacer and milk from the farm used 

to feed calves.  The amount spent and the quantities purchased of milk replacer are available 

in the data set. The price for milk replacer was calculated by dividing the expenses by the 

quantity. The value of milk fed to calves on the farm was calculated by multiplying the 

quantity of used milk at the farm by the milk replacer mean value. The total expenses and the 

total quantity were calculated by summing up both milk replacer and the used milk at the 

farm. Farm 4 (farm 7) spent $3,431.88 ($2,227.80) on milk replacer to purchase 1.16 tons 

(0.98 tons) at a price of $2,958.50 ($2,273.26). The mean price of the milk replacer 

($2,894.85) was calculated to get the expenses of milk fed to calves by multiplying the 

quantity fed by the mean price. Both farms did not use milk to feed calves. Therefore the 

expense of the quantity of milk fed to calves for both farms were $0. The total expense of the 
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category for farm 4 was $3,431.88 and for farm 7 it was $2,227.80. The total quantity was 

1.16 tons for farm 4 and 0.98 tons for farm 7. The mean price for both farms was $2,894.85 

and that was used for further calculation. 

In order to standardize the amount of feed inputs purchased across farms, we 

determine a Fishers Price Index (FI). As noted in equation (3.6), the FI is the square root of 

the product of the Laspeyres (LI) Price Index and Paache Price Index (PI).  The LI and PI for 

other inputs are calculated as 

LI = 
                                               

                                                      
      (3.4’) 

PI= 
                                                    

                                                 
     (3.5’) 

where Pj,i is the price for feed category j (j=PF (Purchased Feed Supplements), MR (Milk 

Replacer), R (Rations), FS (Feedstocks)). (Pj,0) is the base price for feed input category j 

across all farms over three years , Qj,i is the number of units purchased in feed input category 

j for farm i, and Qj,0 is the base number of units purchased of feed input category j across all 

farms over three years (see table 3.9).  Given the base price and quantity numbers across the 

farms in the sample, the LI
i
 and PI

i
 can be calculated for farm i.  For example, the LI and PI 

for farm 4 are. 

LI = 
                                                              

                                                              
  = 0.84  (3.4

4
) 

PI = 
                                                           

                                                           
  = 0.86   (3.5

4
) 

and the resulting Fishers price index is 

FI =                    = 0.85      (3.6
4)

 

The corresponding values for farm 7 are 

LI = 
                                                              

                                                              
 =0.85  (3.4

7
) 

PI = 
                                                            

                                                            
  = 0.84  (3.5

7
) 
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FI =                        0.84     (3.6
4
) 

The feed input for each farm is calculated by dividing the total expenses on other 

inputs by its Fisher price index.  In the case of farm 4, other input is 36,059.50 

(=$31,336.75/0.86) and is 104,304.01(=$109,967.91/0.76) for farm 7.  

Table 3.8: Average Crop Prices from CANSIM ($/MT) 

Variable 2010 2011 2012 

Wheat 213 252 256 

Corn 185.5 227.5 249.5 

Corn silage 50 47.5 50 

Hay 110 115 170 

 

Table 3.9: Variables for Calculation of Feed Input Quantity for Farms 4 and 7 

Variable Farm 4 Farm 7 

Purchased Supplements   

    Quantity 43.74 251.55 

    Expense $12,845.68 $43,739.61 

    Price $311.09 $321.90 

Rations   

    Quantity 1.93 2.80 

    Expense 1147.14 1619.63 

    Price 473.29 465.32 

Feedstocks   

    Quantity 120.37 734.55 

    Expense 13,912.05 62,380.87 

    Price 141.06 133.44 

Milk Replacer   

    Quantity 1.16  0.98 

    Expense $3,431.88 $2,227.80 

    Price $2,894.85 $2,894.85 

Total Feed Expenditure $31,336.75 $109,967.91 

Base   

Purchased Supplements   

    Quantity 167.65 167.65 

    Price $388.86 $388.86 

Rations   

    Quantity 57.47 57.47 

    Price $543.06 $543.06 

Feedstocks   

    Quantity 140.60 140.60 

    Price $163.59 $163.59 

Milk Replacer   

    Quantity 14.47 14.47 



57 
 

    Price $3,110.44 $3,110.44 

Laspreyers Index (LI) 0.84  0.85 

Paasche Index (PI) 0.86 0.84 

Fishers Price Index 0.85 0.84 

Implicit Quantity 36,059.50 144,304.01 

 

 

Other 

The ‘other’ category of inputs consists of fertilizer, seed, herbicide, fuel (gas, 

propane, and diesel), bedding, veterinary services (breeding, semen, and drug related 

expenses), milk transportation (fuel), utilities and insurance (crop, livestock, fire, accident, 

liability and machinery). The expenses associated with growing crops for feed, such as 

fertilizer and seed, have been included with the feed input by some studies (Moschini 1988) 

and within an other category of inputs (Hailu and Slade 2012; Hailu and Deaton 2012).  This 

adopts the second method for allocating costs of growing feedstocks. 

The nine components of the other input category are specified and the elements within 

each summed to determine the total amount spent on each component. The data provides the 

expenses for above mentioned nine components. So the quantity of each input component is 

determined by dividing the total expenditure by their respective prices. Then the Laspeyers 

index (LI) and Paasche index (PI) are created using the price index and the quantities of each 

category and then the Fisher price (FI) index. Finally, the implicit quantity index for other 

inputs is created by dividing the total expense by the respective Fisher price index.  

To illustrate the process of calculating the other inputs quantity for each farm, we 

again use farm 4 and farm 7.  The expenditures for the various expense components made by 

farm 4 and farm 7 in 2010 are listed in Table 3.12. Unlike the procedure for livestock and 

crop outputs, input quantities were determined by dividing the expenses made by each 

individual farm on each of the components of the other input category by the respective price 

indices. The price indices for fertilizer and bedding components were taken from ODFAP 

data and for the rest, price indices were taken from CANSIM (see Table 3.10).  The price 
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index of fertilizer for year 2010 is $553.74, and $690.92, $835.38 for 2011, 2012 

respectively. The price indices for bedding are $90.99 for year 2010 and $146.59 and $381.69 

for 2011 and 2012 respectively. The seed category consists of purchases of seeds and the 

farm 4 (farm 7) spent $8,782.62 ($19,050.42) of money for a price index of $133.32 

($133.32) and 65.87MT (142.88MT) are purchased. The vet category includes expenditure on 

vetnary medicine and farm 4 (farm 7) spent $7,073.94 ($10,025.98) for a price index of 

$109.80 ($109.80) and 64.42MT (91.31MT) are purchased. The breeding (AI) variable 

comprised of breeding fees, fees on semen purchased and fees on artificial insemination.  The 

farm 4 (farm 7) spent $3,190.18 ($2,624.15) on breeding at a price index of $199.80 

($199.80) for 29.05MT (23.89MT). The insurance category includes crop insurance and 

livestock insurance and Farm 4 spent $7,238.94 for price of $138.4 and 52.30 units of 

insurance are purchased and farm 7 had no purchases. The fuel variable comprised of fees for 

propane, heating fuel, gasoline, car gas, diesel, oil and grease and the farm 4‘s (7’s) 

expenditure on fuel is $10,680.54 ($12,795.93) for  price index of $129.4 ($129.40). So the 

quantity of fuel is 82.53MT (98.88MT). The utility variable includes hydro and water service 

and the farm 4 spent $6,499.84 ($17,107.95) on utilities at price of $138.40 ($138.40) for 

46.96MT (123.61MT) of utilities. The bedding variable includes straw, bedding and milk 

truckling and the farm 4 (farm 7) spent $10,435.23 ($9,223.70) of money at price of $90.99 

($90.99) for 114.68MT (101.36MT) of bedding material.  

In order to standardize the amount of other intermediary inputs purchased across 

farms, we determine a Fishers Price Index (FI).  As noted in equation (3.6), the FI is the 

square root of the product of the Laspeyres (LI) Price Index and Paache Price Index (PI).  The 

LI and PI for other inputs are calculated as following. 
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LI= 
                                                        

                                  
             

                                                                                                                    

         

     (3.4’)  

PI= 
                                                                                                           

                                                                                                           
  

                 (3.5’) 

 Pj,i is the price for other category j (j=F (Fertilizer), SY (Spray), SD (Seed), V (Vet), I (Insurance), FL (Fuel), U (Utilities), B (Bedding), 

AI (Breeding for farm) i, Pj,0 is the base price for other inputs category j across all farms over three years.  Qj,i is the number of units purchased 

in other inputs category j for farm i, and Qj,0 is the base number of units purchased of other inputs category j across all farms over three years. 

The base price values across the sample and associated base number of other input purchases are stated in table 3.11. Given the base price and 

quantity numbers across the farms in the sample, the LI
i
 and PI

i
 can be calculated for farm i.  For example, the LI and PI for farm 4 are. 

LI= 
                                                                                                                                         

                                                                                                                                         
  = 0.79                                        

                 (3.4
4
) 

PI= 
                                                                                                                              

                                                                                                                               
  = 0.80                                      

                  (3.5
4
) 

and the resulting Fishers price index is 

FI =                     = 0.80           (3.6
4
) 
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The corresponding values for farm 7 are 

LI= 
                                                                                                                                       

                                                                                                                                         
 =0.82  

                (3.4
7
) 

PI= 
                                                                                                                                    

                                                                                                                                     
  =0.82  

            (3.5
7
)  

FI =                                      (3.6
7
) 

The other input for each farm is calculated by dividing the total expenses on other inputs by its Fisher price index.  In the case of farm 4, 

other input is 81,166.80 (=$64,919.17/0.79) and is 106,638.35 (=$87,739.87/0.82) for farm 7.  

Table 3.10: Input Price Indices ($/MT) 

 

 

 

 

 

Adopted from CANSIM (table 3280015) 

Year Seed  Utilities Fuel Breeding (AI) Vet Insurance Spray 

2010 133.3 138.4 129.4 109.8 109.8 138.4 138.4 

2011 137.1 147 125.7 125.7 125.7 147.1 147.1 

2012 143.8 156.3 138.2 138.2 138.2 156.3 156.3 
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Table 3.11: Creation of Other Input Category for Farm 4 

Input Variable Farm 4 Farm 7 

Fertilizer Expense $14,212.95 $14,710.93 

 Price $553.74 $553.74 

 Quantity 25.66 26.56 

Seed Expense $8,782.62 $19,050.42 

 Price $133.32 $133.32 

 Quantity 65.87 142.88 

Herbicide Expense $0 $4,599.98 

 Price $138.40 $138.40 

 Quantity 0 33.23 

Fuel Expense $10,680.54 $12,795.93 

 Price $129.40 $129.40 

 Quantity 82.53 98.88 

Bedding Expense $10,435.23 $9,223.70 

 Price $90.99 $90.99 

 Quantity 114.68 101.36 

Vet Services  Expense $7,073.94 $100,25.98 

 Price $109.80 $109.80 

 Quantity 64.42 91.31 

Breeding (AI) Expense $3,190.18 $2,624.15 

 Price $109.80 $109.80 

 Quantity 29.05 23.89 

Utilities  Expense $6,499.84 $17,107.95 

 Price $138.40 $138.40 

 Quantity 46.96 123.61 

Insurance Expense $7,238.94 $0 

 Price $138.40 $138.40 

 Quantity 52.30 0 

Total Expenses $68,109.35 $90,139.04 

Base values 

Fertilizer Quantity 23.57 23.57 

 Price $681.55 $681.55 

Seed Quantity 114.82 114.82 

 Price $137.65 $137.65 

Herbicide Quantity 30.16 30.16 

 Price $146.51 $146.51 

Fuel Quantity 143.57 143.57 

 Price $130.76 $130.76 

Bedding  Quantity 165.43 165.43 

 Price $194.65 $194.65 

Vet Services  Quantity 126.62 126.62 

 Price $123.36 $123.36 

Breeding (AI) Quantity 27.37 27.37 

 Price $123.36 $123.36 

Utilities Quantity 88.52 88.52 

 Price $146.51 $146.51 

Insurance Quantity 61.25 61.25 

 Price $146.51 $146.51 

Laspreyers Index  0.79 0.82 

Paschee Index  0.80 0.82 
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Fishers Index  0.80 0.82 

Quantity  84,772.25 109,260.99 

 

3.5 Descriptive statistics of variables  
 

The summary results of input and output variables described above are stated in table 

3.12. When considering the details of GHG variable, the total GHG is presented in intensity 

in kg of CO2 equivalent of kg of FMCM in figure 3.5. FPCM means ' Fat and Prootein 

Corrected Milk' where the milk yield is normalized to 4% fat and 3.3% protein.  When we 

look at milk composition, it is very variable in different farms.  Therefore, we need to 

normalize the milk yield in different farms to one standard composition as defined by 

International Dairy Federation formula.  Since energy requirement for producing milk is 

variable due to milk composition, when we normalized milk from different farms into one 

standard composition, we express it as 'Fat and Protein Corrected Milk'. So the expression 

GHG in FPCM gives a relative measure which is comparable.  Figure 3.5 shows that the 

highest contribution is from enteric fermentation which is 46 % and the lowest contribution is 

9.33% from energy associated CO2 emissions. The emissions from manure management 

accounts 19.12% and the feed related emissions account 25% out of total GHG emissions 

from the sample farms (see table 3.13).  When comparing these values with the recent study 

done by Wagner- Riddle and Jayasundara (2014), the highest and lowest emission values are 

almost the same (see appendix table 1). But, this study accounts higher emissions from the 

feed which is 25% whereas; Wagner- Riddle and Jayasundara (2014) recorded 20%. When 

considering the GHG intensity interpretation in particular to a farm (i.e which is circled in 

figure 3.5), the total intensity is 1.7 which comprised of intensities from enteric fermentation, 

manure, feed and on farm energy (1+0.3+0.2+0.2=1.7) related emissions. Overall, the higher 

contribution to GHG is from enteric fermentation which is almost a half of total GHG 
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emissions. Therefore, the feed input is the main effect to be controlled to reduce methane 

emissions from rumination process of animals in particular to these sample farms.  

When considering the relationship of GHG intensity as a relative measure with net 

farm income and herd size measures, both are negatively related to GHG intensity. If there is 

a negative relationship between herd size and GHG intensity, the herd has to be efficiently 

utilize the feed which does not waste energy to produce GHG or alternatively, highly 

productive.   As the highest contribution of GHG is coming from enteric fermentation which 

is mainly associated with feed rations, there is a clear explanation that the herd size does not 

matter on enteric fermentation directly.  However, the higher herd sizes are always associated 

with large farms which are aassumpmed to be manage well, therefore the higher herd sizes 

are well utilized to get a higher milk output while limiting wastages of energy as GHG. So, 

the herd size is expected to be negatively related to GHG intensity as given in figure 3.7. 

Negative relationship of net farm income with GHG emissions of the sample farms 

can be explained as following. The sample farms which have higher net farm income reflect 

that the business is profitable. So, the profitability comes where they utilize inputs as 

effectively as possible to get a given output, where there is less wastage as GHG emissions. 

Therefore the net farm income is expected to be negatively related to GHG emissions as 

given in figure 3.8.  

            When considering the Total GHG across farms (see figure 3.6), the average GHG 

emissions is 789,869.20 kg CO2 eq. The least GHG emission is 167,615 kg CO2 eq and the 

highest GHG emission is 427,031 kg CO2 eq. The figure 3.5 shows that the majority of farms 

are at 0 to 1000,000 kg CO2 eq. However, the thesis used a relative measure of GHG (GHG 

kg Co2 eq. emissions/herd size), in order to avoid the convergence problem of input distance 

function associated with high multicolinearity between the GHG variable and other three 

desirable output variables. 
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Figure 3.5: Total GHG and the contribution from main four sources (Data Source: 

Calculated) 

Table 3.12:  Descriptive Statistics of input and output variables 

Variable Mean Std. Dev. Min Max 

Milk 743,115.4 746,573.6 147,767 3,637,533 

Livestock 34,786.23 35,975.96 3,320.87 236,814.9 

Crop 99,320.42 127,787.8 1 756,503.5 

GHG 789,869.2 785,495.4 167,615 4,270,311 

GHG 

relative 

measure 

8,620.4 2,065.83 3,683.84 16,444.50 

Capital 2,375,537 2,246,335 219,609.5 1.39E+07 

Labor 6,994.659 3,122.264 2,240 16,962.23 

Feed 141,852.2 134,789.6 13,257.63 793,499.4 

Other 130,702.8 99,868.98 18,352.87 555,290.6 
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Table 3.13: Descriptive statistics of GHG variable 

GHG type and Source kg CO2eq kg
-1

 FPCM % of Total 

Enteric Fermentation 0.51 46.23 

Manure System 0.21 19.12 

Feed 0.28 25.38 

On-Farm Energy 0.10 9.33 

 

 

Figure 3.6: Histogram- The Distribution of Total GHG FPCM across Sample Farm 
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Figure 3.7: Relationship between GHG intensity and Herd Size 

 

 

Figure 3.7: Relationship between GHG intensity and Net Farm Income  
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3.6: Summary 
  

The  main four inputs; feed, capital, labour and other intermediary inputs and main 

four outputs; milk, livestock, crop and GHG relative measure, are used in the stochastic input 

distance function model which will be discussed in next chapter.  
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CHAPTER 4 

Empirical Framework 
4.1 Introduction 

The purpose of this chapter is to provide the empirical framework with stochastic 

input distance function for estimating the technical and environmental efficiency of dairy 

farming systems in Ontario. The chapter begins with a detailed background of the production 

theory and then the model is explained with the endogenous variables, exogenous variables 

and the technical and environmental efficiency measures. In addition, this section explains 

the empirical approach to estimating the impact of explanatory variables (farm and farmer 

characteristics) on technical efficiency and environmental efficiency. 

 

4.2 Empirical model 

The basic environmental problem that is incorporated in the model is that milk and 

greenhouses gases are being produced simultaneously. The model captures the process of 

producing two types of outputs, desirable outputs and undesirable outputs. The desirable 

outputs are milk (m), crops (c) and livestock (v) and the undesirable output is greenhouse gas 

emissions (b). The inputs are feed (f), capital (k), labor (l) and the other intermediary inputs 

(h). The stochastic frontier model for the environmental problem is captured by the input 

distance function. The main reasons to use input distance function over output distance are 

1)input distance function treats the output as fixed, which characterizes the dairy farming in 

Canada as the production is limited by a quota, 2) input distance function is dual to cost 

function (Fare 1988; Fare and Primont 1995; Tamini et al.2012; Hailu and Deaton 2016).  
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A dairy farm’s inputs are defined as           
  as a vector of all four inputs.  

Outputs are defined as           
   as a vector of all three desirable outputs.  

So, beginning with the production technology of an undesirable output ‘b’, which is a 

function of the inputs, the desirable outputs is: 

     ,y)         (4.1) 

Symmetric treatment of desirable and undesirable output can be written using an input 

distance function as (4.2), where the desirable and undesirable outputs are held constant and 

inputs are proportionally decreased to their minimum required level. 

                                            (4.2) 

  When we treat the undesirable output (b) as an exogenous shifter of the 

technology set and helps to write (4.2) as (4.3) per Atkinson and Dorfam (2005). Here the 

treatment of undesirable output as a exogenous shifter of technology describes how firms can 

be credited or panelized for increasing or decreasing levels of undesirable output produced.  

                                      }    (4.3) 

  Following Atikinson and Dorfman (2005), the input distance function (4.3) is 

monotonically non-decresing in inputs          and monotonically non- increasing in 

outputs          . The linear homogeneity condition is imposed to the input distance 

function above (4.5) and rewrite as following, 

                  where  ẍ = 
  

  
    

  

  
    (4.4) 

and take log of both sides to have                    The input distance function in 

(4.3) is approximated by a translog functional form with x and y. where j = 4 (four inputs) 

and m = 4 (three outputs including the bad output (‘b’).  

                   
         

 
        

 

 
                    

                                       (4.5) 
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The translog input distance function (4.4) has to be imposed with the symmetry 

restrictions. Those are 

             

           

 In order to apply the input distance function with x= Feed, Capital, Labour, Other and 

y= Milk, Crop, Livestock, GHG (‘b’). We select ‘feed’ as the numeraire (x1) and based on 

that we define other variables following (4.4. So the stochastic frontier fits production 

frontier which explained by the input distance function here in (4.5’). It provides parameter 

estimates of a linear model with a error that is a mixture of two components; a random error 

‘v’, which has a symmetric distribution (two sided) and the inefficiency term ‘u’, which has a 

strictly nonnegative one sided distribution denoting       . Frontier fits models in 

which the nonnegative distribution component (u) which is assumed to be from a half-

normal, exponential, or truncated-normal distribution (i.e. If the frontier fits the model 

allowing the mean (variance) of the inefficiency term to be modeled as a linear function of a 

set of covariates and it is assumed to be with a distribution for ‘u’, which truncated- normal 

(half-normal).   
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          (4.5’) 

To avoid convergence problems and for ease of parameter interpretation, the input 

and output variables normalized by their geometric mean. The model omitted the interactions 

of (m*m), (v*v), (h*h), (k*k), (l*l) and (c*c) due to high correlation (i.e., correlation over 

90). The ‘sfmodel’ frontier command in STATA 12 was used in the analysis (Wang 2002). 

 

4.4 Technical and environmental efficiency measures 
 

The technical efficiency of the sample farms is measured directly from the ‘sfmodel’ 

for farm each farm. The procedure behind that can be explained using i
th

 farm as TEi = exp(- 

ui) where ui as per  (Battese and Coelli 1992; 1995). 
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ui = ui
  
+   { 

     
      

    
     

}         (4.6) 

ui
*
 is the inefficiency term of the stochastic input distance function and      and      are 

probability density function and the cumulative distribution function respectively. 

The environmental efficiency measure is developed using first order coefficients of 

input distance function (4.7).The environmental efficiency following Reinhard et al. (1999) 

is, 

                                                  

         
                                                                

                                    

      (4.7) 

Here the log of the input distance function of an environmentally efficient producer is 

taken into account by replacing the undesirable output ‘bad’ by ‘  × bad’ where   ≤ 1 and 

setting the ‘  ’ which denotes the inefficiency term equals to zero. The idea behind this is 

that the production function of farm ‘f’ is equal to the production function of an 

environmentally efficient farm. The environmental efficiency was computed using the 

positive root in (36), because Reinhard et al. 1999 noted that “the environmental efficiency 

measure adds independent information only if the output elasticities are variable, which is a 

property of the input distance function”. The environmental efficiency for each farm (i) is 

measured as,                     to have the scale of 0-1 similar to technical efficiency.  

 

4.5 Impact of Explanatory Variables (farm and farmer characteristics) on 

Technical efficiency and Environmental Efficiency 
 

To empirically assess the effects of explanatory variables on technical efficiency, we 

extend the model with explanatory variables along with input and output variables using 



73 
 

stochastic frontier analysis. Battese and Coelli (1995) agued on performing a second stage 

regression with the technical efficiency estimate as a dependent variable. Because, the 

technically efficiency is estimated through an error component. So the use of estimate of 

technical efficiency as a dependent variable in the second stage regression with explanatory 

variables may violate the assumption of ‘independently identically distributed’ on ‘ui’. 

Therefore, there are three main approaches used in literature to capture the influence of 

explanatory variables (efficiency parameters) on efficiency without performing a second 

stage regression. First is the one-step approach, which is the parameterization of pre-

truncated distribution on mean production inefficiency by Kumbhakar, Ghosh and McGuckin 

(1991), Huang and Liu (1994), and Battese and Coelli (1995). The second approach is the 

one-step approach which is on the variance of production inefficiency. Therefore the 

literature provides two different models; Mean inefficiency effect model by Kumbhakar, 

Ghosh and McGuckin (1991) and variance inefficiency effect model. The third model is the 

combination of the mean and the variance production inefficiency by Wang (2002).  

This thesis used stochastic frontier (1) with parametrization of the mean of the pre-

truncated (truncated-normal) and (2) with parametrization of the variance of the pre-truncated 

variance (half-normal). These models enable us to quantify the effects of explanatory 

variables (i.e., z-variables) on the mean, E(ui) and the variance, Var (ui), of the production 

inefficiency effect. Once the parameters of the pre-truncated distribution are estimated, the 

marginal effects are estimated for each farm. The marginal effects of the explanatory 

variables on the expected value of inefficiency effect E(ui)  is estimated as ∂E(ui)/∂Zi (Wang 

2002). The marginal effect on mean depicts how an increasing or a decreasing in the value of 

the explanatory variable influence technical inefficiency or the cost of production.  

Environmental efficiency is calculated through coefficient estimates of stochastic 

input distance function and no assumption as ‘independently identically distributed’ is made 
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on environmental efficiency estimate. Therefore, Reinhard et al. (1999), argued that use of 

second stage regression to examine the impact of explanatory variable on environmental 

efficiency as a dependent variable is permissible. So to examine the factors affecting the 

environmental efficiency, the farm and farmer characteristics are added along with the 

framer’s age, farmer’s education level, and herd size, used in measuring the impacts on 

technical efficiency using two main approaches as second stage regressions; Maximum 

Likelihood Estimates (MLE), Ordinary Least Square Regression (OLS) and Tobit model.  

 

4.6 Summary 
 

In this thesis, stochastic input distance function (mean production inefficiency model) 

with four inputs (feed, capital, labour and other intermediary inputs) and four outputs (Milk, 

Livestock, Crop as desirable outputs and GHG as an undesirable output) was used to measure 

technical efficiency and environmental efficiency. The marginal effects were calculated to 

examine the effects of farm and farmer characteristics on technical efficiency. Then as 

Reinhard et al. 1999, the effects of farm and farmer characteristics on environmental 

efficiency was examined by using three different procedures; MLE, Tobit and OLS. 
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Chapter 5 

Results 

5.1 Introduction 
 

This chapter presents the results of stochastic input distance function. The first section 

describes the results of stochastic input distance function. The second section describes the 

levels of technical efficiency and the farm characteristics associated with current levels of 

technical efficiency, and section 5.4 discusses the impacts of each explanatory variable on 

technical efficiency. Section 5.5 describes levels of environmental efficiency. The next 

section discusses the impacts of explanatory variables on environmental efficiency and the 

chapter concludes describing the relationship between technical and environmental 

efficiency. 

5.2 Estimates of stochastic input distance function  
 

Two alternative models of production inefficiency effects are estimated: one with 

mean production inefficiency effects (model 1), and one with variance production 

inefficiency effects (model 2). Both models incorporate the z-variables into the production 

inefficiency distribution. Table 2, column [2] shows the parameter estimates and t-values of 

the parameters for model 1, and column [3] provides the parameter estimates and t-values for 

model 2.  We chose to proceed with the mean inefficiency effect model based on the fact that 

similar studies have used this model (Reinhard 1999; Tamini at al 2012; Slade and Hailu 

2016). Hereafter, we discuss our results in reference to model 1.  

Model 1 satisfies the conditions that imply the input distance function is 

monotonically non- decreasing in inputs and monotonically non-increasing in outputs at the 
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mean values. As all the variables are normalized by their mean values, the first order 

coefficients can be interpreted as elasticity at the mean. Note that the input distance function 

is dual to cost function; and the first derivatives of the input distance function with respect to 

input quantity identifies the shadow price of the input (Blackorby and Russell 1989). The 

duality relationship, which eases the interpretation of the elasticity, can be derived starting 

from the cost function as following: 

                                                                                             (5.1) 

where w denotes a vector of input (x) prices and y denotes both desirable and undesirable 

outputs. We obtain derivatives in order to relate input distance function to cost function. For 

an example, the derivative of the distance function with respect to capital (k) input  is:. 

             

     
 

  

      
     

           (5.2) 

where,   
  is shadow price of capital input. The derivative input distance function with respect 

capital is equal to the cost deflated shadow price of capital   
 .  When equation (5.2) is 

expressed log form, it is equal to   cost share (  ), which captures the relative importance of 

inputs in the production process. 

       
 

     

    
 

     
     

      
          (5.3) 

When we use an output vector y in the input distance function, by applying envelope theorem 

to the minimization problem expressed in equation (5.1), we have the following: 

     
  

                

     
   

         

     
      (5.4) 
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Therefore, the elasticity of any output in the input distance function is equal to the 

negative of the cost elasticity of that output. It is negative for all the desirable outputs in the 

input distance function and it captures the relative importance of outputs in the production 

process. So (5.3) and (5.4) captures the useful information which we use to interpret the 

coefficient estimates of the distance function.       

Proceeding with above information, the first order coefficients can be regarded as 

distance elasticities evaluated at the sample mean. From now on, the input distance function 

is discussed at its mean values.  The coefficients for inputs are positive and statistically 

significant, and all the output coefficients are negative and statistically significant except for 

GHG. A negative sign for outputs suggest that, an increase in outputs would lower the value 

of distance function, whereas a positive sign for inputs suggest that, an increase in outputs 

would increase the value of distance function.  

The coefficient for milk output is negative (-0.65) and statistically significant at the 

1% significance level, meaning that when the level of milk output increases, the value of 

distance function decreases. More specifically a 10% increase in milk production leads to an 

increase in the distance function by 6.5%, or alternatively, a 10% increase in milk production 

may lead to a 6.5% increase in the total cost of production. Similarly, the other two output 

coefficients for livestock (-0.16) and crop (-0.01) are negative and statistically significant at 

the 1% and 5% significance level respectively, meaning that a 10% increase in livestock and 

crop output decreases the value of distance function by 1.6% and 0.1% respectively  or 

alternatively, a 10% increase in livestock (crop) production may lead to a 1.6% (0.1%) 

increase in the total cost of production  When considering the undesirable output GHG 

coefficient, denoted as a bad, the coefficient is negative and not statistically significant.  

All the input coefficients are positive and statistically significant. When considering 

the coefficient of the capital input which is positive and statistically significant at the 5% 
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level, a 10% increase in capital leads to an increase in the value of distance function by 0.7% 

or 0.7% increase in cost of production.  Similarly, the coefficient of labour and other 

intermediate inputs have positive signs of 0.18 and 0.51, and the unit increase of labour and 

other intermediary inputs may lead to increase the value of distance function by 1.8% and 

5.1% respectively and 1.8% and 5.1% of increase of cost of production respectively.  

Table 5.1: Parameter Estimates for the Stochastic Input Distance Function 

 (1) Mod

el  

 (2) Mod

el 

 

 ln_feed  ln_feed  

Log of milk -0.657*** (-5.09) -0.614*** (-13.16) 

Log of livestock -0.161*** (-2.95) -0.156*** (-3.69) 

Log of crop -0.0120** (-2.23) -0.0135*** (-3.17) 

Log of bad -0.0861 (-0.90) -0.105 (-1.45) 

Log of capital 0.0729** (2.53) 0.0742*** (3.45) 

Log of labour 0.182*** (3.80) 0.185*** (4.97) 

Log of Feed 0.234*** (4.81) 0.229*** (8.55) 

Log of other 0.511*** (8.77) 0.511*** (11.36) 

Bad*Bad -0.0217 (-0.03) -0.105 (-0.22) 

Milk*Crop 0.0215 (0.69) 0.0362** (2.38) 

Milk*Livestock -0.0100 (-0.17) -0.0465 (-1.34) 

Milk*Capital -0.000861 (-0.01) 0.0175 (0.28) 

Milk*Other -0.140 (-1.46) -0.104 (-1.09) 

Milk*Bad -0.270 (-0.89) -0.234 (-0.87) 

Livestock*Crop -0.0132 (-0.45) -0.0272** (-2.14) 

Livestock*Capit

al 

-0.0827 (-0.96) -0.0741 (-1.22) 

Livestock*Other 0.174** (2.09) 0.170** (2.31) 

Livestock*Bad 0.0974 (0.48) 0.157 (0.64) 

Crop*Labour 0.0183 (1.02) 0.0153 (1.64) 

Crop*Capital 0.00921 (1.31) 0.00819* (1.67) 

Crop*Other -0.0216 (-0.98) -0.0155 (-1.56) 

Crop*Bad 0.0228 (0.65) 0.0110 (0.66) 

Labour*Capital -0.236** (-2.33) -0.241*** (-3.93) 

Labour*Other 0.126 (0.97) 0.160*** (3.13) 

Labour*Bad -0.213 (-0.90) -0.0780 (-0.44) 

Capital*Other 0.136*** (2.91) 0.136*** (2.86) 

Capital*Bad -0.202 (-1.17) -0.167 (-1.57) 

Other*Bad 0.261 (0.91) 0.115 (0.51) 

year2010 -0.173*** (-3.24) -0.174*** (-4.12) 

year2011 -0.115* (-1.75) -0.0982*** (-2.73) 

L1 0.114* (1.86) 0.128*** (3.27) 

L2 0.0435 (0.40) 0.0665 (1.49) 

Constant 0.243 (0.97) 0.0263 (0.55) 
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Pre-truncation mean function 
Farmer’s age 0.0945 (1.24)   

Education 0.0672 (0.79)   

Herd size -0.221 (-0.77)   

Constant 0.172 (0.55)   

Pre-truncation variance function 

Farmer’s age   31.41*** (11.60) 

Education   0.491 (0.29) 

Herd size   -24.55*** (-2.58) 

Constant -3.154*** (-2.79) -26.18*** (-4.27) 

Vsigmas     

Constant -5.198* (-1.81) -3.879*** (-30.51) 

Observations 143  143  

t statistics in parentheses denote * p < 0.1, ** p < 0.05, *** p < 0.01. Standard errors for log 

of feed are based on Delta method. 

 

The estimates reported in Table 5.1 show that the inverse of the negative of the sum 

of the coefficients of milk, livestock and crop outputs for input distance function provide a 

measure of returns to scale (Coelli, Singh, and Fleming 2003 and Atkinson, Fare, and 

Primont 2003).  The estimated return to scale elasticity is 1.12, indicating that the industry 

exhibits increasing returns to scale at the mean. This finding is consistent with other studies 

done in the Ontario dairy sector (Mochchini 1988; Hailu and Deaton 2016).  

 

5.3 Estimates of Technical Efficiency and associated farm characteristics   
 

The results show that the mean of the predicted technical efficiency (TE) for the 

sample of 143 farms is 82 percent. The most efficient farm has a TE score of 97 percent; 

whereas the least efficient farm has a TE score of 42 percent (see Table 5.2). When 

considering the farm characteristics associated with the current levels of efficiency for each 

farm, a meaningful interpretation can be deduced.  There is no significant variation in 

technical efficiency among the five Ontario regions, except region six, which includes 

Carleton, Dundas, Glengarry, Grenville, Prescott, Renfrew, Russell, Stormont, has the lowest 
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technical efficiency of 79% compared to other regions. The overall mean technical efficiency 

for the three survey years are somewhat similar.  

 There is a slight variation in efficiency across farms based on management practices 

of milking, feeding and manure handling.  The majority of the sample Ontario dairy farms in 

the sample use pipeline milking system followed by bucket and transfer system. The highest 

technical efficiency is associated with palour system. Technical efficiency of dairy farms 

does not vary much across feeding system.  Manure system shows that the manual manure 

handing has the lowest technical efficiency. However, overall the predicted mean technical 

efficiency has a less dispersion across farms. 

 

Figure 5.1: Predicted Technical Efficiency Distribution 
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Table 5.2: Farm Characteristics Associated with Technical Efficiency 

Farm 

characteristics 

Types Technical 

efficiency 

SE Number of 

Farms 

Location Region1 0.80 0.10 13 

Region 2 0.85 0.10 42 

Region 3 0.82 0.10 34 

Region 4 0.82 0.12 14 

Region 5 0.79 0.11 17 

Region 6 0.84 0.09 23 

Milking system Bucket and 

Transfer 

0.81 0.11 50 

Pipeline system 0.83 0.10 66 

Palour system 0.85 0.11 27 

Feeding system Manual feeding 0.82 0.11 18 

Semi automated 

feeding 

0.82 0.10 97 

Fully automated 

feeding 

0.87 0.10 28 

Manure system Manual manure 

handling 

0.76 0.13 24 

Stable cleaner 0.83 0.09 55 

Manure pack 0.85 0.09 35 

Liquid slurry 

system 

0.86 0.09 29 

Housing 

system 

Tie stall 0.80 0.11 86 

Free stall 0.87 0.08 48 

Loose housing 0.89 0.08 9 

Year 2010 0.82 0.11 54 

2011 0.84 0.10 47 

2012 0.83 0.11 42 

 

5.4 Impacts of Efficiency Parameters (farm and farmer characteristics) on 

Technical Efficiency 
 

Table 5.1 also describes the estimates of the parameters of the pre-truncated 

distribution of the inefficiency term, ui of the μi function. However, the parameter estimates 

in Table 5.1, do not provide sufficient information regarding the influence of explanatory 

variables (see Table 5.5 for the description of each one) on the distribution of ui. Therefore, to 
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quantify the effects of explanatory variables on the mean, E(ui) and the variance, Var (ui), of 

the production inefficiency effect, the marginal effects are calculated for each farm.  

Table 5.3 reports the marginal effects of three explanatory variables (farmer’s age, 

herd size, education) on the mean, ∂[E (ui)] /∂Zi and the variance, ∂[Var (ui)] /∂Zi in terms of 

inefficiency.  Bootstrap standard errors are used to construct confidence intervals, and for 

hypothesis testing. None of the marginal effects are statistically significant based on the bias 

corrected bootstrap confidence intervals at 90% and 95% levels. Proceeding with 95% 

confidence interval, average marginal effects for farmer’s age and farmer’s level of education 

are positive. The average marginal effect for the farmer’s age (farmer’s education) on the 

mean of production inefficiency is 0.042 (0.030). This means that as the farmer’s age 

(farmer’s education) increases, so does production inefficiency.  Since ∂[E (ui)] /∂ Age (∂[E 

(ui)] /∂farmer’s education), a unit increase in age (farmer’s education), will increase the input 

vector by 4.2% (3%) to produce the current level of output by holding the current mix of 

inputs constant. Also, using the duality of the distance and cost function, this finding suggests 

that a unit increase in farmer’s age (education) may lead to a 4.2% (3%) increase in the cost 

of production. These findings depict that younger farmers tend to be more efficient than the 

older counterparts.  If it was significant, this may suggest that the young farmers have access 

to information on efficient management (through media, social networking etc.) which leads 

them to be more efficient. The explanation behind the education; farmers who attended high 

school or/ and high school are efficient than the degree holders. This finding is not consistent 

with previous studies (Tamini et al. 2009). The reason can be explained as the farmers who 

are highly educated are mostly engaged in farming while employed in a different sector 

related to their higher degree. Therefore, the less time spent in farm activities and decision 

making might be the reason of low technical efficiency. 
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Similarly, the average marginal effect of the herd size on the mean of the production 

inefficiency is negative (– 0.099) and it is not statistically significant based on bias- corrected 

bootstrap confidence intervals. If it was significant, it means that the increase in herd size 

decreases production inefficiency.  Since ∂[E (ui)] /∂ Herd size, an unit increase in herd size 

will decrease the input vector by 9.9% to produce the current level of output by holding the 

current mix of inputs constant. Again, using the duality of distance and cost function, this 

finding suggests in a 9.9% decrease in cost of production. The explanation for the negative 

impact of herd size on technical inefficiency is that the farmers may tend to increase their 

herd sizes with the competitive pressures to enhance the yield (Weersink et al. 1999). So, the 

increasing herd size leads to less wastage of inputs to end up with high technically efficient 

farm. 

When considering the marginal effects of the explanatory variables on variance, 

which predicts the production uncertainty. However, none of the marginal effects are 

significant.  

Table 5.3: Marginal Effects of Efficiency Parameters on Technical Inefficiency and 

Production Uncertainty 

Variable Observed 

value 

Std. 

Err. 

Normal based 

95% Confidence 

interval  

Normal based 90% 

Confidence interval 

Age Mean 0.042 0.057 -0.007 0.156 -0.052 0.138 

  Variance 0.004 0.009 -0.015 0.024 -0.012 0.021 

Herd size Mean -0.099 0.134 -0.365 0.165 -0.322 0.122 

Variance -0.011 0.019 -0.050 0.028 -0.044 0.022 

Education Mean 0.030 0.087 -0.141 0.202 -0.113 0.174 

Variance 0.003 0.010 -0.017 0.024 -0.014 0.021 

Note: Upper and lower confidence intervals based on bootstrapped standard errors with 5000 replications. 

 



84 
 

5.5 Estimates of Environmental Efficiency 

 The results show that the predicted mean environmental efficiency is 30 percent for 

the sample of 143 farms. Overall the predicted mean environmental efficiency has a high 

dispersion across farms (see Figure 5.2). The most efficient farm has EE score of 100 percent 

whereas the least efficient farm has EE score of 0 percent. A significant fact is that the 

numbers of farms (25) are having a zero level of environmental efficiency. Therefore, the 

distribution of environmental efficiency with respect to bad output (GHG) is drawn using 

total GHG intensity  and GHG intensity from each source (see figure 5.3). Based on the 

distribution, the environmental efficiency is positively correlated with the GHG output. 

Given the fact that the environmental efficiency is calculated through coefficient estimates of 

interactions between GHG variable and input, output variables, there is a possibility for 

environmental efficiency to correlate positively with undesirable output (GHG) variable. 

 

Figure 5.2: Predicted Distribution of Environmental Efficiency 
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Figure 5.3: Distribution of Environmental Efficiency with respect to total GHG 

intensity and GHG intensity from all four sources 

5.6 Impacts of Efficiency Parameters on Environmental Efficiency 
 

Table 5.6 reports MLE, OLS and Tobit model parameter estimates for variables that 

influence environmental efficiency. The parameter estimates provide the partial elasticities of 

the environmental efficiency of a particular farm with respect to each explanatory variable. 

Besides the four efficiency parameters that influence environmental efficiency (dry matter 

intake, production, total mixed ration and the liquid system), the factors that influence 

technical efficiency (farmer’s age, level of education, and herd size) are also included. (Herd 

size
 
* herd size) term is used to know the linear/ non-linear relationship with environmental 

efficiency. The coefficient estimates of three methods yield quite similar results. Only herd 

size and (herd size*herd size), year 2011, and year 2010 dummy variables are significant in 

the MLE, OLS and Tobit models. The average herd size of the farm has a positive impact on 

environmental efficiency, which is not consistent with most of the previous findings 

(Reinhard et al. 1999; Tamini et al. 2012). However, in chapter 3 we explained that there is a 
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negative relationship between herd size and GHG intensity for sample farms. When 

proceeding with that negative relationship between herd size and GHG intensity along with 

the comparatively high levels of technical efficiency of sample farms, this finding gives us a 

meaningful explanation. Relatively high technical efficiency suggests that these sample farms 

use their inputs as efficient as possible in producing a given level of output with less wastage 

of inputs where GHG emissions are less.  Therefore, less GHG emissions of a farm, suggests 

that there is a positive relationship between GHG emissions and environmental efficiency. 

When considering both GHG emissions with herd size and the levels of technical efficiency 

of sample farms, it is not surprising to have higher herd sizes which have a positive influence 

on environmental efficiency.  Also this finding is consistent with the increasing returns to 

scale of the industry which explains why the average herd size of Ontario has been increased 

over time. In particularly, the magnitude suggests that increasing herd size by 100% is 

associated with enhancing environmental efficiency by 0.4%. The herd size and the squared 

term of herd size with positive signs explain that higher herd sizes have a stronger positive 

effect on environmental efficiency. 

When considering the impact of yearly dummies on environmental efficiency, year 

2010 has a negative influence of 0.3 and year 2011 has a negative influence of 0.1. This 

finding tells that there is a reduction of the impact on environmental efficiency over years. 

Therefore, the finding suggests that the environmental efficiency has been increased over 

three years which is consistent with current statistics where there is a reduction of GHG 

emissions of dairy sector Ontario by 18 Mg from 1990 to 2014 (Dairy Information Centre 

2014). This finding suggests that the attention on environmental friendly farming has been 

increased over years. 

Beside the significant variables, we explain the other variables; Production, total 

mixed ration, liquid manure system, and the dry matter intake, in order to explain why we 
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include them in the model. The liquid slurry manure system enters the model as a dummy 

variable and it has been identified as a system which emits over 90% of methane in the 

Ontario dairy sector (Jayasundara and Waggner-riddle 2016). Because, the digestion of 

manure from liquid manure systems increases the potential for methane production, whereas 

solid manure systems are associated with relatively smaller amounts of methane (IPCC 

2006).Thus, the fact that the manure handling has a significant contribution  to environmental 

efficiency due to excessive methane emissions which was around 20% from sample farms. 

Therefore, we included this variable as a dummy to see the impact of the use of liquid slurry 

manure systems over other ways of manure handling. 

In addition, feed quality is another important factor which affects total GHG 

emissions, as Ontario accounts for around half of the total emissions from enteric 

fermentation. In this context, the analysis included two main variables as dummy variables; 

dry matter intake per cow per day and use of Total Mixed Ration to feed milking cows, which 

directly connects to feed input. Total mixed ration has been identified as a balanced diet 

which enhances the milk production of milking cows and avoids shifts in rumen 

microorganisms in order to keep high producing cows with good health (Coppock, Bath & 

Harris, 1981). Also the feed quality has a significant impact on enteric fermentation and the 

amount of dry matter intake is one of the main factor which determines the production of 

methane from the rumination process of the animal (Ellis et al. 2008). So, we used these two 

variables to examine the impact on environmental efficiency.  

The average herd production level enters as a dummy variable equals to 1 when the 

milk production is > 7750 liters, and 0 if it is <7750 liters.  Based on the fact that higher 

production from dairy cows reduces the intensity of GHG emissions on a kilogram of milk 

production basis, and GHG emissions of high producing cows generate less methane per unit 
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of milk than lower producing cows (Agriculture and Agri Food Canada 2014), we expect the 

variable to have a positive effect on environmental efficiency.  

   

Table 5.5:  Parameter Estimates of Efficiency Parameters on Environmental efficiency  

Variable Description Unit 

Dry matter intake Kg of dry matter intake/cow Kg 

Production 1 = >7750L 0= <7750L of herd’s milk 

production level 

0/1 

Total mixed ration Were cows fed Total Mixed Ration 0/1 

Liquid system  Use of liquid manure handling 0/1 

Farmer’s age  Number 

Education Degree, Diploma or higher =1 

Primary school and high school=0 

0/1 

Herd size Average number of cows in herd Number 

Location 1 Controlled = location 2 and 3 0/1 

Location 2 Controlled = location 1and 3 0/1 

Year 2010 Controlled= year2011,2012 0/1 

Year 2011 Controlled= year2011, 2012 0/1 

 

 

Table 5.6: Parameter Estimates for the Stochastic Environmental Efficiency Frontier 

Variables MLE OLS Tobit  

Parameter 

estimate 

t value Parameter 

estimate 

t 

value 

Parameter 

estimate 

t value 

Production -0.014 -0.260 -0.014 -0.240 0.011 0.140 

Dry matter 

intake 

0.003 0.600 0.003 0.570 0.003 0.480 

Tmr -0.052 -0.880 -0.052 -0.840 -0.080 -0.950 

liquid 

manure 

system 

-0.036 -0.540 -0.036 -0.510 -0.002 -0.020 

Herd size 0.004 2.690 0.004 2.560 0.006 2.680 

Herd size
2 0.000 -1.770 0.000 -1.690 0.000 -1.920 
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Age -0.030 -0.610 -0.030 -0.580 -0.038 -0.550 

Education -0.074 -1.410 -0.074 -1.340 -0.111 -1.480 

Location 1 0.010 0.170 0.010 0.160 -0.004 -0.050 

Location 2 0.038 0.630 0.038 0.600 0.052 0.610 

year2010 -0.325 -5.190 -0.325 -4.950 -0.445 -4.970 

year2011 -0.126 -2.180 -0.126 -2.080 -0.169 -2.130 

_cons 0.264 1.140 0.262 1.960 0.161 0.900 

/lnsig2v -2.638 -22.260     

/lnsig2u -11.612 -0.070     

sigma_v 0.267 0.016     

sigma_u 0.003 0.370     

sigma2 0.072 0.009     

Lambda 0.011 0.373     

t statistics denote * p < 0.1, ** p < 0.05, *** p < 0.01 

5.7 Relationship between Technical and Environmental Efficiency 
 

Are there tradeoffs between technical and environmental efficiency? There is a 

positive correlation between technical efficiency and environmental efficiency for the sample 

farms in this study.  The Spearman Rank Correlation between technical and environmental 

efficiency reports a 0.418 positive correlation, which is significant at 5% level (see figure 

5.4).   

The positive correlation between the two forms of efficiency is partially explained by 

the means to reduce GHG emissions. Enteric fermentation contributes approximately half of 

total GHG emissions from most dairy farms in Ontario (see chapter 3).  These emissions can 

be reduced through manipulation of the feed ration.  The reduction in feed use for a given 

milk yield (or enhanced yield from the same feed level) increases the farm’s technical 
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efficiency.  The reduction in the GHG emitting input source also reduces GHG levels and 

thus improves the farm’s environmental efficiency.  The dominant role of enteric 

fermentation as a GHG emission source and the role of improving feed efficiency to increase 

both technical and environmental efficiency results in the positive correlation between the 

two forms of efficiency illustrated in Figure 5.4. 

  

Figure 5.4: Predicted Distribution of Environmental Efficiency and Technical efficiency 

The finding of a positive correlation between technical and environmental efficiency 

indicates that technical and environmental efficiency on a dairy farm can be improved jointly. 

This finding is consistent with previous studies conducted in the dairy sector (Reinhard et al. 

1999; Tamini et al. 2009).  A trade-off between the two efficiency measures would exist if 

GHG emissions from dairy farms were mostly attributable to the production of milk.  

Reducing output would subsequently increase environmental efficiency but may likely reduce 

technical efficiency.  Thus, improving environmental efficiency through the implementation 

of costly inputs, such as manure storage facilities or reduction in herd numbers, may reduce 

technical efficiency of the farm. 
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Chapter 6 

Summary and Conclusion 

6.1 Introduction 
 

This chapter summarizes the major findings of the study by relating the analysis back 

to the original objectives.  In addition, the policy implications of the results are presented.  

The chapter concludes with recommendations for future research into technical and 

environmental efficiency analysis, particularly for GHG emission reduction from dairy farms. 

6.2 Conclusion 
 

 We estimated the levels of technical and environmental efficiency for a 143 sample of 

Ontario dairy farms using a stochastic input distance function approach.  Using a mean 

production inefficiency model, the average predicted technical efficiency level was 82% for 

the sample of dairy farms with relatively small dispersion around this average. In contrast, 

average environmental efficiency was much lower.  It was estimated to be 30% on average.  

There was a very high degree of variation in environmental efficiency across the sample 

ranging from 0% to 100%.  

 The second objective of the study was to examine the relationship between farmer and 

farm characteristics and technical and environmental efficiencies. Understanding factors 

affecting both types of efficiency can provide insights into ways to enhance farm and 

environmental performance.  None of the marginal effects from the potential explanatory 

variables (i.e., farmer’s age, farmer’s education, and herd size) had a statistically significant 

effect on technical efficiency.  Similarly, only herd size and year dummies had a statistically 

significant effect on environmental efficiency. Results suggest that environmental efficiency 
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increases with herd size while the yearly dummies indicate that environmental efficiency has 

improved over the years. 

The third objective was to examine the relationship between technical and 

environmental efficiency. A statistically significant positive correlation was found between 

the two efficiency measures; farms with a high level of technical efficiency also tended to 

have a high level of environmental efficiency.  Thus, there are no tradeoffs and that the two 

efficiency measures can be improved jointly. 

The positive correlation between the two forms of efficiency is partially explained by 

the means to reduce GHG emissions. Enteric fermentation, which is associated largely with 

ration choices, contributes approximately half of total GHG emissions from most dairy farms 

in Ontario.  A reduction in feed use for a given milk yield (or enhanced yield from the same 

feed level) increases the farm’s technical efficiency.  The reduction in the GHG emitting 

input source also reduces GHG levels and thus improves the farm’s environmental efficiency.  

The dominant role of enteric fermentation as a GHG emission source and the role of 

improving feed efficiency to increase both technical and environmental efficiency. A trade-

off between the two efficiency measures would exist if GHG emissions from dairy farms 

were mostly attributable to the production of milk.  Reducing output would subsequently 

increase environmental efficiency but may likely reduce technical efficiency.  Thus, 

improving environmental efficiency through the implementation of costly inputs, such as 

manure storage facilities, or reduction in herd numbers would reduce technical efficiency of 

the farm. 

6.3. Policy Implications  
 

Before providing policy recommendations, it is important to note that policies are 

seldom based on efficiency alone. Farm policy has typically focused on farmers and 
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protecting farmers’ income while maintaining domestic production.  Agri-environmental 

policies have tended to be in the form of voluntary cost-share programs for the purchase of 

beneficial management practices (BMPs).  There have been no specific environmental 

policies focused directly on GHG emissions and the dairy sector at this time.  

Given the fact that there is a positive correlation between technical and environmental 

efficiency measures, there are potentially policies targeting GHG mitigation that might be 

accepted by Ontario’s dairy sector. Currently, there are no environmental regulations or 

incentives to reduce GHG in dairy industry.  A cap-and-trade system for carbon is being 

implemented in Ontario but agriculture is not directly involved in the present time.  However, 

Zealand has decided to include emissions from enteric fermentation in their GHG emissions 

trading scheme and the Australian Government is currently in the process of deciding upon 

the potential impact of such policies to reduce GHG in their dairy sector. The results suggest 

here that dairy farmer would have the incentive to adopt strategies to mitigate GHG 

emissions from at least enteric fermentation.  These strategies include increasing corn silage 

in the diet, adding lipids into the diet, dietary supplementation of inpophores, and the 

adddtion of fibrolytic enzymes, and saponin rich compounds in the ration ( Jayaasundara and 

Waggner-Riddle 2016).  

However, the improved environmental efficiency over years may suggest that the 

concern on environmental dimensions has been improved among farm community over time. 

Therefore, information transfer may be a good approach in enhancing exciting environmental 

efficiency levels to higher levels. 

6.4 Further Research  

 
The first suggestion for additional research is to model the stochastic input distance 

function approach which measures economic efficiency (i.e. technical and allocative 

efficiency) to determine, whether the results deviates from the results of positive correlation 
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between technical and environmental efficiency that we measured here. Further, the pollutant 

variable can be included as four undesirable outputs (i.e., Methane, Ammonia, Nitrous Oxide 

and Carbon Dioxide), instead of including it as a total CO2 equivalent measure as we did in 

this thesis. This may explain the ambiguity of positive correlation between environmental 

efficiency and the pollutant variable.   

An additional suggestion for future research would be to extend the empirical 

framework to include best management practices as explanatory variables (i.e., composting, 

straw cover on liquid manure surface, dietary fat in the diet, perennial use in crop rotation, 

spring manure application, etc). However, the absence of potential best management practices 

(BMP) in ODFAP data limited the scope of this thesis to determine the effect of BMP’s on 

environmental efficiency. 

Further, instead of using radial input distance function, technical efficiency in the 

presence of a pollutant can be derived through alternative methods; directional distance 

function with null-jointness and weak disposability assumption associated with the 

undesirable output (Fare et al. 2005).  Therefore, as an extension of this framework, with 

both radial and directional input distance functions in measuring efficiency parameters can be 

a good stage to address the arguments of the research community in selecting a proper 

approach to measure efficiency in presence of a pollutant. In addition, this extension would 

help assess the relative values of using one method over another.  

6.5 Research Contribution 
 

The objective of this thesis was to empirically answer the research questions ‘whether 

there are tradeoffs between technical and environmental efficiencies of the Ontario dairy 

sector?’ To test this, the relationship between technical efficiency and environmental 

efficiency is derived through a spearman rank correlation.  
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Technical efficiency is first estimated through stochastic input distance function with 

a four-output (Three desirable outputs and one undesirable output) four-input production 

process and using the parameter estimates of input distance function; the frontier for 

environmental efficiency is derived.  Next, marginal effects were calculated to empirically 

test the effect of efficiency parameters on technical efficiency. Similarly, MLE, Tobit and 

OLS regressions were used to identify the factors in determining producers’ environmental 

efficiency levels. 

Empirical results do support previous literature and the null hypothesis that there are 

tradeoffs between technical and environmental efficiency can be rejected.  None of the 

technical efficiency parameters were significant. Factors that do explain environmental 

friendly practices include: dry matter intake, production level of cows, TMR rations and 

liquid slurry manure system and they were not significant.  However, results indicate that 

herd size and yearly dummies has a significant effect on environmental efficiency. 
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Appendix 
 

Table 1: Primary Sources of GHG emmisons in Ontario’s Dairy Sector Adopted from 

Jayasundara and Wagner-Riddle (2014) 

Emissions Source  Gases  Location  Emissions (kg 

CO2eq kg-1 FPCM)  

% of 

Total  

Enteric Fermentation  CH4  Farm  0.471  46%  

Agricultural Soils – 

Manure Excreted on 

Pasture  

N2O  Farm  0.032  3%  

Agricultural Soils – 

Manure Applied as 

Fertilizer  

N2O  Farm  .07  7%  

Agricultural Soils – 

Synthetic Fertilizer N  

N2O  Farm and 

Upstream  

.048  5%  

Agricultural Soils – 

Crop Residue N  

N2O  Farm and 

Upstream  

.035  3%  

Agricultural Soils – 

NH3 Volatilization  

N2O  Farm and 

Upstream  

.038  4%  

Agricultural Soils – 

NO3 Leaching  

N2O  Farm and 

Upstream  

.025  2%  

Manure (Storage)  CH4  Farm  0.133  13%  

Manure (Storage)  N2O  Farm  0.056  5%  

Energy – Milking & 

Related Activities  

CO2eq  Farm  0.023  2%  

Energy – Farm Field 

Work  

CO2eq  Farm  0.035  3%  

Energy – Feed 

Processing/Purchased 

Feed  

CO2eq  Upstream  0.029  3%  

Energy – Production 

and Transport of 

Fertilizer and Other 

Soil Inputs  

CO2eq  Upstream  0.034  3%  

Land Use Change  CO2  Farm and 

Upstream  

-  -  

Total  CO2eq  Farm and 

Upstream  

1.03  100%  

 


