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Introduction
The global food supply system, including production, processing and transport, 
accounts for around one third of global end-use energy demand and one 
quarter of total annual greenhouse gas emissions. Around 15% of these food 
supply emissions result from heat, electricity and fuel used directly for on-farm 
production activities. Since 1970, these have increased to now exceed 1000 Mt 
CO2-eq in 2019.1

Around 15% of global agricultural production costs on-farms are energy-
related, mainly for the purchase of fossil fuels. With heightened concerns 
around the sustainability of crop and livestock production, the agricultural 
sector must develop and invest in alternative methods of farming that recoup 
the same results but have reduced costs and environmental impacts.

This volume reviews recent research and practical applications on smart 
ways of reducing the costs and environmental impacts of on-farm energy use. 
The chapters are broken down into three parts.

 • Part 1 focuses on the efficient use of electricity, heat fuel and water;
 • Part 2 examines the use of on-farm renewable energy heat and power 

generation;
 • Part 3 provides case studies of energy-smart farming, with chapters 

specifically dedicated to discussing dairy, pig and poultry farming.

Part 1 Efficient use of electricity, heat, fuel and water
Part 1 opens with a chapter that focuses on measuring and auditing on-farm 
energy use. Chapter 1 begins by reviewing energy analysis in agriculture, 
focusing on how energy analysis methods can help to identify potential issues in 
conventional energy use so that farmers can consider utilising alternative lower-
carbon energy resources. The chapter discusses how agriculture is an energy 
consumer, before assessing aspects such as energy conservation, energy saving, 
on-farm energy inputs and methods for assessing energy use in irrigation. A 
case study on energy consumption in wheat production using neural networks is 
also provided before the chapter concludes with an overview of why developing 
new methods to analyse energy inputs in all agricultural sectors is important.

Chapter 2 focuses on advances in energy efficient lighting and ventilation 
for food production systems. The chapter first examines the benefits and 
shortcomings of using various light sources including sunlight, incandescent 

1  Flammini et al., 2022. Emissions of greenhouse gases from energy use in agriculture, forestry and fisheries: 1970–
2019. Earth Systems Science Data, 14, 811-821, https://essd .copernicus .org /articles /14 /811 /2022/.

https://essd.copernicus.org/articles/14/811/2022/
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light, compact fluorescent light and light emitting diodes (LEDs). The chapter 
discusses how switching to more energy-efficient light resources can help reduce 
energy costs, then goes on to review the recent shift from using incandescent 
lights to LED lamps. A section on issues arising from using light dimmers is also 
included, followed by an examination of novel ultraviolet (UV) technologies. 
Greenhouse and controlled environment lighting applications are also discussed, 
as well as ventilation advances in livestock housing. The chapter concludes by 
emphasising the potential energy saving by switching to LED lamps.

The next chapter of Part 1 reviews improving farm machinery operation and 
maintenance to optimise fuel use efficiency. Chapter 3 begins by discussing the 
current techniques for optimising tractor fuel consumption, such as adaptive 
driving, optimising tyre inflation pressure, wheel slip and tractor ballasting, 
estimating tractor power needs and purchasing a fuel-efficient tractor. The 
chapter moves on to examine the developments in fuel-efficient tractor 
operation and how tractor performance can be measured. It also reviews 
the energy effects of farming systems, focusing specifically on no-tillage and 
controlled traffic farming. Energy savings and other benefits are addressed 
and a section on controlled farming operations in complex topographies is 
also included. A section on the embodied energy from the manufacture of 
machinery, fertilisers and herbicides is provided. The chapter concludes with 
an analysis of potential incentives to encourage more sustainable energy use 
in farm machinery.

Chapter 4 closes Part 1 with an analysis of efficient water management and 
irrigation on farms. The chapter begins by providing an overview of irrigation 
in agricultural production, focusing on supply-side and demand-side water 
management. It then reviews water use efficiency, specifically looking at water 
productivity, irrigation practices, water efficient irrigation technologies and 
the adoption of efficient water-use irrigation innovations. The chapter also 
highlights the challenges of water and energy trade-offs, the integrated analysis 
of trade-offs, the challenges of sustainable intensification and the development 
of integrated evidence-based policies relating to agricultural water and energy.

Part 2  On-farm renewable energy heat and power  
generation

The first chapter of Part 2 focuses on assessing and modelling the costs of 
on-farm distributed renewable energy systems. Chapter 5 first examines 
the private costs of on-farm distributed renewable energy systems, which is 
then followed by a review of the social costs of energy, addressing the use 
of cost-benefit analysis and life cycle assessment techniques. The chapter also 
highlights the various risk analysis methods and provides a case study from 
the Duero Valley in Spain describing a cost assessment for the potential use of 



© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Introduction xix

a solar photovoltaic system to power water pumps. It concludes by providing 
a summary of the potential for decarbonisation of the agrarian sector as a 
result of using renewable energy systems, supported by an annex that includes 
methodologies for encouraging the deployment of distributed renewable 
energy systems on farms.

The next chapter addresses energy-smart innovation and renewable energy 
systems on farms. Chapter 6 begins by highlighting how energy efficiency 
can help decarbonise food production systems, then goes on to address the 
current trends in renewable energy. A discussion of the current policies and 
measures that are in place to encourage the deployment of renewable energy 
on farms is also provided, followed by an overview of the range of farm-scale 
renewable energy technologies and systems that are commercially available. 
The chapter concludes by emphasising the importance of switching from fossil 
fuel dependence to renewable energy systems to help reduce agriculture’s 
greenhouse gas emissions.

Chapter 7 examines the use of on-farm biomass heat technologies for 
providing heat and power. The chapter first discusses the primary energy 
conversion technologies that are available such as combustion, gasification and 
pyrolysis. It moves on to discuss secondary conversion technologies such as 
internal combustion engines, steam turbines, steam engines, Stirling engines, 
indirect-fired gas turbines, direct-fired pressurised gas turbines, micro turbines 
and hydrogen. The chapter also examines cogeneration system analysis at the 
small scale, before providing a case study on the conversion of coal boilers to 
biomass in greenhouse production enterprises. It concludes by highlighting 
the potential of using sustainably-produced biomass to provide heat at the 
farm scale in the future.

The final chapter of Part 2 discusses developments in agrivoltaics and 
how synergies can be achieved through combining crop and pasture plant 
production with solar photovoltaic power systems. Chapter 8 begins by 
reviewing the design of agrivoltaics systems to maximise land use and the 
synergy between energy and agricultural production. It then moves on to 
discuss the physiological and agronomical aspects of crop cultivation under 
agrivoltaic systems. The chapter also describes crop modelling applications for 
the management of agrivoltaic systems, focusing on simulation aspects and 
design and optimisation. A section on the benefits of agrivoltaic systems is also 
provided.

Part 3 Energy-smart farming: case studies
The first chapter of Part 3 is a case study that focuses on the tools and 
technologies that can be used to reduce fossil energy use on dairy farms. 
Chapter 9 first examines how total energy demand can be monitored through 
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the analysis of direct energy and indirect energy inputs on dairy farms. It moves 
on to discuss energy modelling methods such as mechanistic modelling, 
regression models and machine learning algorithms. A section on smart 
energy strategies is also provided, focusing on energy mitigation strategies 
and renewable energy technologies. The chapter includes a case study of 
a Dairy Energy Decision Support Tool, before concluding with a section on 
how developing energy-smart farming methods on dairy farms is crucial to 
improving energy savings.

Chapter 10 focuses on energy-smart pig farming. The chapter starts by 
reviewing energy generation on pig farms, focusing on electricity and heating 
fuels which provide the thermo-neutral environment required for pigs. It 
addresses feed energy related to pig production and how buildings can be 
designed to improve energy efficiency. The chapter also highlights the practices 
available to improve energy efficiency of existing buildings, such as pig barns, 
by means of optimal operation of temperature control and ventilation systems 
and identifying structural deficiencies. It concludes by providing an overview 
of how the trend towards energy-smart pig farming will continue due to the 
growing demand for more environmentally-friendly farming methods to help 
reduce demands for fossil fuels and their effects on climate change.

The final chapter of the book describes how energy is used in poultry 
production buildings today and discusses the factors that have driven the 
growth of energy use. Chapter 11 identifies opportunities toward energy-smart 
production including existing technologies and management practices that 
can lead to significant energy conservation and improving energy efficiency. 
It presents technologies that are emerging in certain regions with high 
potential for wider adoption. It also reviews the current status of research and 
development of alternative energy technologies with potential for application 
and development in poultry production.
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1  Introduction
Food production and supply systems can be classified into primary agriculture, 
including cropping, livestock, horticulture and fisheries; food processing and 
packaging; trade and transport; and household preparation and cooking 
(Wallgren and Höjer, 2009). This extensive range covers all activities from farm 
to kitchen. Crop yields and food supplies to markets are directly linked to energy 
inputs (Ilyas et al., 2020; Lin et al., 2021; Stout, 1990; USDA, 2008). Agricultural 
operations include all farming operations that occur after the land has been 
cleared of native vegetation and developed, such as tillage, planting, fertilising, 
pest control, harvest, post-harvest, and transport behind the farm gate.

As an energy conversion process, agriculture converts two naturally 
abundant materials, water and carbon dioxide, to carbohydrates and other 
complex organic materials through the photosynthetic process that occurs 
when growing plants use solar energy. Agriculture also conserves and recycles 
mineral resources (Fluck and Baird, 1980; Odum and Odum, 1976; Pimentel 
and Pimentel, 2008; Stout, 1990; Tester, 2005). Food production, processing 
and packaging, and the distribution of food products from farms to consumers, 
need around 42 GJ/person/year (Pimentel et al., 2007).

In the early 1900s, on-farm energy sources around the world were mostly 
in the form of biomass derived from agriculture or forests. In rural areas of many 
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developing countries, the use of traditional biomass in the form of fuelwood, 
charcoal and animal dung remains the main local energy source to provide heat 
for cooking and comfort. Historically, many industrial products were also mainly 
made from plant materials, and early transport fuels also came from agriculture. 
Once cheap coal and oil became readily available, there was a rapid rise of 
industrialised agriculture that depended upon these fossil fuel inputs.

The growing risk of climate change impacts has led to increased interest 
in replacing the combustion of fossil fuels to provide heat, power and mobility. 
Producing carbon-neutral energy biomass such as wood chips, biogas, crop 
residues from agricultural by-products or from purpose-grown energy crops 
has grown in popularity, as has the generation of renewable electricity.

During the last two centuries, the amount of energy consumed in the 
agriculture sector per kilogram of protein produced has increased more in 
developed countries than in developing countries. The total energy demand 
for primary production in farms and fisheries is about 3% of the national energy 
consumption in developed countries and about 3.6% in developing countries 
(Karkacier et al., 2006; Sauerbeck, 2001; Stout, 1990). The average energy input 
is about 7.7 GJ/ha for subsistence farming in developing countries, mainly 
for human labour and animal power, and about 37.9 GJ/ha in industrialised 
agricultural systems in developed countries, mainly provided by fossil fuels for 
mechanisation and fertiliser manufacture inputs (Pimentel and Pimentel, 2008).

The entire global food system consumes around one-third of total end-
use energy, emits around one-quarter of total greenhouse gases, and when 
production, processing, packaging and transport are included, comprises on 
average about 15% to 20% of a nation’s total energy consumption (Pimentel 
and Pimentel, 2008; Stout, 1990; Ziesemer, 2007). In the United States, for 
example, it was estimated that around 19% of fossil energy consumed is used 
in the food supply system (Pimentel and Pimentel, 2008).

National statisticians often pay little attention to the energy consumption 
of the agriculture sector. In some countries, only fuel purchased by farmers at 
subsidised prices is considered when analysing fuel consumption. The diesel 
and petrol purchased by farmers from public service stations are included in 
the transport sector. Only a small percentage of the total electricity consumed 
in the food supply system is used on farms, while most indirect energy inputs 
such as for fertiliser and machinery manufacture are included in the industrial 
sector (Pellizzi, 1992).

2  Energy analysis in agriculture
Energy analysis serves a range of economic, management and technical 
purposes. Research into energy use in the food supply chain began after the 
first oil shock in the 1970s. Improving agricultural methods and finding new 



© Burleigh Dodds Science Publishing Limited, 2022. All rights reserved.

Measuring and auditing on-farm energy use 5

energy resources were advocated to reducing dependency on fossil fuel 
energy resources (Fluck and Baird, 1980; Kitani, 1999; Smil, 1991; Stout, 1990).

In 1974, Odum established the first energy analysis method (SSSA, 
1997). At the same time, another evaluation method was suggested by the 
International Federation of Institutes for Advanced Study (Fluck, 1992). Since 
then, several other methods have been used to determine and analyse energy 
consumption in agricultural production (Fluck and Baird, 1980). These include 
statistical analysis, process analysis and input–output analysis when energy 
inputs and outputs are identified and evaluated (Kitani, 1999).

One of the main problems when comparing energy studies is the use of 
different data collection methods. Four analytical methods provide rational 
information on which to base energy-related decisions: life-cycle assessment, 
energy consumption, cost-effectiveness and environmental assessments 
(Randolph and Masters, 2008; Safa et al., 2011). Conversely, some energy-use 
studies focus on gaining measurements or responses to questionnaires from a 
number of sample farms.

Weather patterns, soil physicochemical factors, management conditions, 
pests, diseases, weeds, field size, degree of mechanisation, energy prices and 
the interaction of many other factors affect energy demands on farms. Crop 
growth models usually include carbon, nitrogen and water as well as energy 
balances (CIGR, 1999; Kuesters and Lammel, 1999; Liu, 2009; USDA, 2008; 
Vlek et al., 2004). Analyses can include the identification, estimation and 
measurement of energy use in agricultural systems (Fluck and Baird, 1980).

Concern about the rising reliance of agricultural production systems on 
fossil fuel inputs prompted the use of energy analysis techniques to study the 
level of energy dependence and comparative energy efficiency of farming 
systems (Stout, 1990). Odum (1994) attempted to understand the principle of 
general systems theory in relation to environmental systems. He discussed the 
relationship between energy inputs and outputs in ecological systems using 
mathematics. He also stated that energy analyses in agriculture have much 
wider error margins than energy analyses in industry.

The results of energy studies depend on the set of assumptions used, such 
as defining outputs and inputs, and the energy equivalent of inputs (Conforti 
and Giampietro, 1997). Local results may not be representative of other areas 
(Liu, 2009).

Because there are different methods to estimate energy consumption, any 
comparison and evaluation of results from a number of studies are difficult. For 
example, human labour has been considered as an energy input in some studies, 
but not in others (Conforti and Giampietro, 1997; Fluck, 1992; Hülsbergen and 
Kalk, 2001; Sartori et al., 2005; Saunders et al., 2006). Furthermore, a general 
international agreement on how to estimate energy input has been difficult 
to achieve. In addition, a lack of reliable data for each country and region 
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often forces researchers to take values from other countries, without making 
adjustments for the different circumstances in those countries compared with 
their own (Conforti and Giampietro, 1997; Kitani, 1999). Moreover, in some 
studies, the latest references of energy coefficients are mentioned instead of 
the original sources.

One of the most important problems in energy analysis is the non-
homogeneity of different sources (Fluck and Baird, 1980) and the different 
norms and coefficients that have been used in various studies. For example, 
the same amount of fertiliser can have a different energetic cost, depending 
on the technical level of the local manufacturing industry. Energy contents also 
depend on the transport distance, which is variable, but an average value can 
be assumed for a region (Kitani, 1999). There are also problems with assigning 
shares of energy inputs where there are multiple outputs from a system – such 
as sheep production for meat and wool, or cereal production for grain and 
straw. In this instance, it is difficult to divide the energy inputs between the 
outputs.

Comparing one set of energy consumption data with other published 
assessments in different countries is a challenge and requires preliminary 
checks to be made on the primary data, the definitions of inputs and outputs, 
and the conversion factors used in the calculation (Conforti and Giampietro, 
1997; Kitani, 1999; Safa et al., 2011). This is explained in the following section.

Due to the varying farm conditions and the effects of several direct 
and indirect factors on the system, an appropriate management tool for 
energy use on farms is essential. Mathematical modelling, for example, has 
been successfully applied to tillage, spraying and crop harvesting machines 
(Alvarez, 2009; Bertocco et al., 2008; Fang et al., 2000; Safa et al., 2015). Before 
designing a usable mathematical model, obtaining sufficient relevant data and 
information is necessary. A survey can be designed as a data collection process 
to identify the main inputs and outputs of a specific farm enterprise. The 
methods adopted by earlier researchers should be investigated carefully and 
the most appropriate ones chosen to determine the most important farming 
parameters. Direct energy sources and consumption should be analysed on 
the basis of specific farm operations and indirect energy inputs. Those used in 
the manufacture of fertiliser, machinery, maintenance, animal feed brought into 
the farm and seed production should be included.

3  Agriculture as an energy consumer
Land, labour, seed and water were the most interdependent factors in early 
agricultural societies that were first established around 3000 BC in Mesopotamia. 
Over the following centuries, humans have slowly improved the techniques 
and tools to increase productivity and reduce labour intensity. Oxen and horses 
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