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Abstract 
 
Various studies in different countries have shown that significant energy-efficiency 
improvement opportunities exist in the industrial sector, many of which are cost-effective. 
These energy-efficiency options include both cross-cutting as well as sector-specific measures. 
However, industrial plants are not always aware of energy-efficiency improvement potentials. 
Conducting an energy audit is one of the first steps in identifying these potentials. Even so, 
many plants do not have the capacity to conduct an effective energy audit. In some countries, 
government policies and programs aim to assist industry to improve competitiveness through 
increased energy efficiency. However, usually only limited technical and financial resources for 
improving energy efficiency are available, especially for small and medium-sized enterprises. 
Information on energy auditing and practices should, therefore, be prepared and disseminated 
to industrial plants.  
 
This guidebook provides guidelines for energy auditors regarding the key elements for 
preparing for an energy audit, conducting an inventory and measuring energy use, analyzing 
energy bills, benchmarking, analyzing energy use patterns, identifying energy-efficiency 
opportunities, conducting cost-benefit analysis, preparing energy audit reports, and 
undertaking post-audit activities. The purpose of this guidebook is to assist energy auditors and 
engineers in the plant to conduct a well-structured and effective energy audit.  
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Energy audits assist industrial companies or facilities in understanding how they use energy and 
help to identify the areas where waste occurs and where opportunities for improvement exist. 
This guidebook provides step-by-step guidelines that can be easily followed even by those who 
have not previously conducted energy audits. These guidelines are developed in a manner that 
can be used by both in-house auditors who are auditing their own plant and outside 
consultants who are hired to do an energy audit.  
 
The Canadian Industry Program for Energy Conservation (CIPEC) has published a guidebook 
titled Energy Efficiency Planning and Management Guide (CIPEC 2002) which presents a 
comprehensive discussion of the procedures for conducting an industrial energy audit. CIPEC 
also has a more recent guidebook specifically for energy auditing called the Energy Savings 
Toolbox – an Energy Audit Manual and Tool (CIPEC 2009). These two CIPEC guidebooks are two 
of the main references for Sections 1. to 4 of the guidelines presented here. 
 
Also, American Society of Mechanical Engineers (ASME) has published energy assessment 
standards that cover the assessment of pumping, compressed air, steam, and process heating 
systems. In these standards the step-by-step procedure for measurement and assessment of 
these systems are presented which are key component of any energy audit practice and are 
highly recommended to energy auditors and mangers (ASME, 2009a,b,c, 2010). 
 
1. Introduction to industrial energy auditing  
 
An energy audit is a key to assessing the energy performance of an industrial plant and for 
developing an energy management program. The typical steps of an energy audit are: 

• preparation and planning 
• data collection and review 
• plant surveys and system measurements 
• observation and review of operating practices 
• data documentation and analysis 
• reporting of the results and recommendations 

 
These steps are explained in more disaggregated format and detail in the next sections of this 
chapter. 
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1.1. Definition of energy auditing 
There are several relatively similar definitions of an energy audit. In its guidebook, CIPEC (2002) 
defines energy auditing as:  

A systematic, documented verification process of objectively obtaining and 
evaluating energy audit evidence, in conformance with energy audit criteria 
and followed by communication of results to the client. 

In the Indian Energy Conservation Act of 2001 (BEE 2008), an energy audit is defined as: 
"The verification, monitoring and analysis of the use of energy and submission 
of technical report containing recommendations for improving energy 
efficiency with cost-benefit analysis and an action plan to reduce energy 
consumption." 

 
It should be noted that the term “energy assessment” is sometimes used interchangeably with 
“energy audit” in some countries like the U.S.  
 
1.2. Objectives 
The objectives of an energy audit can vary from one plant to another. However, an energy audit 
is usually conducted to understand how energy is used within the plant and to find 
opportunities for improvement and energy saving. Sometimes, energy audits are conducted to 
evaluate the effectiveness of an energy efficiency project or program. 
 
1.3. Types of energy audits 
The type of industrial energy audit conducted depends on the function, size, and type of the 
industry, the depth to which the audit is needed, and the potential and magnitude of energy 
savings and cost reduction desired. Based on these criteria, an industrial energy audit can be 
classified into two types: a preliminary audit (walk-through audit) and a detailed audit 
(diagnostic audit). 
 
a) Preliminary audit (Walk-through audit) 
In a preliminary energy audit, readily-available data are mostly used for a simple analysis of 
energy use and performance of the plant. This type of audit does not require a lot of 
measurement and data collection. These audits take a relatively short time and the results are 
more general, providing common opportunities for energy efficiency. The economic analysis is 
typically limited to calculation of the simple payback period, or the time required paying back 
the initial capital investment through realized energy savings.  
 
b) Detailed audit (Diagnostic audit) 
For detailed (or diagnostic) energy audits, more detailed data and information are required. 
Measurements and a data inventory are usually conducted and different energy systems (pump, 
fan, compressed air, steam, process heating, etc.) are assessed in detail. Hence, the time 
required for this type of audit is longer than that of preliminary audits. The results of these 
audits are more comprehensive and useful since they give a more accurate picture of the 
energy performance of the plant and more specific recommendation for improvements. The 
economic analysis conducted for the efficiency measures recommended typically go beyond 
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the simple payback period and usually include the calculation of an internal rate of return (IRR), 
net present value (NPV), and often also life cycle cost (LCC). 
 
1.4. Overview of energy audit procedures 
An overview of the procedure for a detailed industrial energy audit is shown in Figure 1. A 
preliminary audit (walk-through audit) contains some of the same steps of the procedure 
shown, but the depth of the data collection and analysis might be different depending on the 
scope and objectives of the audit. Overall, there are three main steps (excluding the post-audit 
activities) each of which has several sub-steps. These three main steps are energy audit 
preparation, execution, and reporting.  
 



 

4 
 

Audit criteria 

Selection of audit team 

Audit scope 

Audit plan  

Checklists preparation 

Data inventory and 
measurements 

Collecting energy bills 
and available data 

Preliminary analysis 

Initial walk-through 

Analyzing energy use 
patterns 

Benchmarking and 
Comparative analysis 

 

Identifying energy 
efficiency potentials 

Cost-Benefit Analysis 

Writing audit report 
with recommendations 

Preparing action plan 
for implementation 

Implementing the 
action plan 

 

 

 

Energy audit 
preparation 

 

Energy audit 
execution 

 

 Energy audit 
reporting 

 

Post-audit 
activities 

Figure 1. Overview of an industrial energy audit 
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2. Preparation for the energy audit  
 
2.1. Defining the audit criteria 
Before starting the energy audit, the criteria against which the audit will be conducted should 
be defined. The following criteria should be taken into consideration: 

• Audit objective 
• Audit type 
• Audit methodology and standards 
• Staff involvement 
• Site or utility boundary 
• Timeline 
• Reporting requirements 

 
2.2. Defining the audit scope 
The audit scope needs to consider the available resources such as staff, time, audit boundaries, 
level of analysis, expected results, the degree of detail, and the budget for conducting the 
energy audit. The audit scope will depend on the purpose of the specific audit and may be 
defined by an overall government or company audit program. It should also define the share of 
processes included in audit of plant’s total energy use as well as comprehensiveness and the 
level of detail for the final recommendations. 
 
For large plants, defining the audit scope is an exercise by itself. The US DOE has developed the 
Quick Plant Energy Profiler (Quick PEP) tool to identify energy system(s) to include during the 
assessment and define the scope. The Quick PEP is an online software tool to help U.S. 
industrial plants quickly understand how plant energy is being purchased and consumed and 
also helps identify potential cost and energy savings opportunities. The Quick PEP tool is meant 
to provide a broad overview of the energy profile for a plant and that the main purpose of the 
Quick PEP tool is to point the user to further resources and tools. Quick PEP is like a road map 
that helps the user understand the facility’s current energy situation and provides directions for 
exploring more targeted ways of saving energy and money (US DOE ITP, 2008).   
 
2.3. Selection of energy audit team 
The selection of the energy auditing team and energy auditors is a key decision for industrial 
plant managers. The plant’s top management, after consultation with the division managers of 
the plant, must decide whether the audit will be conducted by the plant’s internal staff or if an 
outside consultant should be hired. If a company has several plants, the staff in one plant can 
provide support for conducting energy audits in the other plants.  
 
Energy auditors can be accredited separately for electrical and thermal energy audits,1

                                                 
1 Energy audits can be divided into two categories, taking into account the kind of audited systems and equipment: 
1) Electrical Energy Audits: for equipment or systems that produce, convert, transfer, distribute, or consume 

 or for a 
complete energy audit of a site, according to their qualifications. When using an external 
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auditor, it is better to choose the auditors accredited by government, non-government, or 
other authorized agencies. 
 
The audit team leader determines the roles and responsibilities of the individual audit team 
members. If an outside consultant is chosen to conduct the audit, most of the audit team 
members will also be from outside of the plant (the staff of the consultant company conducting 
the audit) augmented by some staff within the plant and in the areas that will be audited that 
are assigned to cooperate with the energy auditors.  
 
2.4. Making an audit plan 
An audit plan outlines the audit strategy and procedure. The plan helps the auditors to check 
the consistency and completeness of the audit process and make sure nothing important is 
neglected or overlooked. The audit plan should provide the following (CIPEC 2009): 

• Scope of the audit 
• Time of the audit and its duration as well as the timeline for each step of the audit 

process 
• Elements of the audit that have a high priority 
• Responsibilities and tasks of each audit team member 
• Format of the audit report and its outline  

 
2.5. Preparing an audit checklist  
The audit checklist helps the auditor to conduct the work in a systematic and consistent way. 
The checklist should include: 

• Steps to be taken during the energy audit 
• Data and information that should be collected  
• Existing measurement instrument and the data recorded 
• Required measurements during the energy audit and the list of parameters to be 

measured 
• Major equipment to be assessed in more detail 
• List of main components of the results section of the audit report, for guidance 
• Other major concerns and considerations 

2.6. Conducting the initial walk-through visit 
The purpose of the initial walk-through visit is for the energy audit team to become familiar 
with the facility to be audited. The auditors can go through the processes and utilities that they 
will audit in detail later. The audit team can observe the existing measurement instrumentation 
on the equipment and the data recorded, so that they can determine what extra measurement 
and data collection are required during the audit. This phase of the audit is quite useful, 
especially if the auditors are not made up of plant personnel. The audit team can also meet 

                                                                                                                                                             
electrical energy and 2) Thermal Energy Audits: for equipment or systems that produce, convert, transfer, 
distribute, or consume thermal energy. 
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with the managers of the areas to be audited to provide an introduction and establish a 
common understanding of the audit process. The auditors can solicit comments from the 
facility staff and can collect readily-available data during the walk-through visit. 
 
2.7. Collecting energy bills and available data and information 
Energy bills along with other current and historical energy- and production-related data and 
information should be collected at the beginning of the audit process. The more historical data 
available, the better the auditor can understand the performance of the plant at differing times 
of day, in various seasons, and under diverse production conditions. The data that can be 
collected at the beginning of an energy audit include the followings:  

• Energy bills and invoices (electricity and fuels) for the last 2 to 3 years 
• Monthly production data for the last 2 to 3 years 
• Climatic data for the period in which the auditing is conducted 
• Possible archived records with measurements from existing recorders  
• Architectural and engineering plans of the plant and its equipment 
• Status of energy management and any energy-saving measures implemented 
• General information about the plant (year of construction, ownership status, 

renovations, types of products, operation schedule, operating hours, scheduled shut-
downs, etc.) 

2.8. Conducting the preliminary analysis 
The preliminary analysis helps the energy auditor to better understand the plant by providing a 
general picture of the plant energy use, operation, and energy losses. This effort provides 
enough information to undertake any necessary changes in the audit plan.  
 
In the preliminary analysis, a flowchart can be constructed that shows the energy flows of the 
system being audited. An overview of unit operations, important process steps, areas of 
material and energy use, and sources of waste generation should be presented in this flowchart. 
The auditor should identify the various inputs and outputs at each process step. The 
preliminary flowchart is simple, but detailed information and data about the input and output 
streams can be added later after the detailed energy audit. An example of a preliminary 
flowchart for a textile dying plant is shown in Figure 2 below. 
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Figure 2. A schematic energy flowchart for a textile dying plant 
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3. Analyzing energy bills  
 
Energy bills, especially those for electricity and natural gas, are very useful for understanding 
and analyzing a plant’s energy costs. It is important to understand the different components of 
these bills, so that a correct and helpful analysis can be conducted. 
 
3.1. Electricity bills 
Several costs are usually included in the electricity bill. Most electric rates include a fixed 
service (or customer) charge that is constant regardless of the amount of electricity used, and a 
per kilowatt-hour (kWh) rate for the amount of electricity consumed. Most electricity bills 
(except for very small facilities) also include a demand charge per kilowatt (KW). The demand 
charge is based on the highest (or peak) electricity use each month, averaged over a short time 
period (usually 15 minutes). On some bills, demand cost and kWh cost are combined and 
shown as a single cost. 
 
There is also a time-of-use charge in most industrial consumer electric bills. Based on the time 
in which the electricity is used, prices per kWh and per KW will vary. The other item in industrial 
electric bills is the charge for “reactive power” which is based on the types of electrical loads in 
a plant. For example, facilities with many electric motors may pay a penalty due to the 
increased electric transmission capacity needed for large inductive loads. Understanding rates 
is also important for planning energy-efficiency retrofits. To predict energy cost savings with 
the highest accuracy, savings must be calculated based on the time they occur and the rates in 
effect during each time period (California Energy Commission 2000).  
 
Based on the data and information derived from the electricity bills, several calculations can be 
made. In some countries (e.g. some states in the U.S.) the load at peak hours will determine in 
what tariff segment you will fall for all power used. Hence, reducing peak use may result in 
lower cost for energy (kWh) use. Furthermore, in some countries the power in some seasons is 
more expensive. For instance, in some European countries, the power in the winter is more 
expensive for companies since the use of electric heaters at residential sectors would increases 
the demand dramatically in the winter. Two other possible analyses are given below. In 
addition, demand profile analysis is discussed in more detail in section 5. 
 
Calculating electricity use per day (kWh/day) 
Electricity use in the period covered by the electricity bill can be divided by the number of the 
days given in the bill. Since reading periods in the bills can vary, kWh/day is more useful for 
identifying consumption trends than the total billed kWh. This can be used later to accurately 
calculate the monthly electricity use and can also be used for graphical analysis. 
 
Calculating the Load Factor (LF) 
The load factor is the ratio of the energy consumed during a given period (in the electricity bill) 
to the energy which would have been consumed if maximum demand had been maintained 
throughout the period.  
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Load factor (%) =                    Energy used during the period (kWh)                × 100 
                    Maximum demand (kW) × Time under consideration (hr) 

 
Normally the load factor is less than 100%. That is, the energy consumed is less than the 
maximum power demand multiplied by the billing period. In general, if the load factor in a plant 
is reduced, the total cost of electricity will be higher (Morvay and Gvozdenac 2008). In other 
words, the load factor is a useful method of determining if a plant is utilizing its energy-
consuming equipment on a consistent basis (higher LF), or using the equipment for a short 
duration (lower LF), thereby paying a demand penalty. Therefore, the plant’s load factor should 
be analyzed to determine the opportunity for improvement and demand control. 
 
3.2. Natural gas bills  
Natural gas bills might be different in various countries depending on the extent of market 
regulation. The following definitions are excerpted from CIPEC (2009) and are fairly standard, 
although these examples are for Canada. For definitions of specific terms in the natural gas bill 
of a plant, the auditor can contact the gas utility representative. The typical components of the 
bill are: 

• Days: Number of days covered by the current bill. This is important to note because the time 
between readings can vary anywhere within ± 5 days, making some monthly billed costs higher 
or lower than others. 

• Reading date: The “days used” and “reading date” can be used to correlate consumption or 
demand increases to production or weather factors. 

• Contracted demand (CD): The pre-negotiated maximum daily usage, typically in m³/day. 
• Overrun: The gas volume taken on any day in excess of the CD (e.g. 105%).  
• Customer charge: A fixed monthly service charge independent of any gas usage or CD. 
• Demand charge: A fixed monthly charge based on the CD but independent of actual usage. 
• Gas supply charge: The product charge (cents per m³) for gas purchased; commonly called the 

commodity charge. This is the competitive component of the natural gas bill. If a plant 
purchases gas from a supplier (not the gas utility to which it is connected), this charge will be set 
by that contract or supplier. The gas utility will also offer a default charge in this category. 

• Delivery charge (re CD): A fixed monthly charge based on the CD but independent of actual 
usage. 

• Delivery (commodity) charge (for gas delivered): The fixed or block delivery charge (cents per m³) 
for gas purchased. 

• Overrun charge: The rate paid for all gas purchased as overrun. 

3.3. Coal and fuel oil bills 
The actual use of coal and fuel oil is difficult to track accurately because consumption is not 
usually metered. Monthly consumption is typically estimated based on fuel delivery dates and 
may not correspond to actual consumption. Coal consumption can be estimated from the 
combustion efficiency and energy output of coal-fired equipment. Oil consumption can be 
obtained from meters on the outflow of oil storage tanks if such meter exists. If the meter is not 
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installed on fuel oil consuming equipment, then the same method for the estimation of coal 
consumption can also be used for fuel oil as well. 
 
3.4. Graphical analysis of historical energy use 
Graphical analysis of hourly/daily/monthly/yearly energy use for each type of energy used in a 
plant can help to better understand the energy use pattern in the plant. Sometimes the 
patterns are unexpected and can lead to opportunities to modify the way energy is used and 
save energy. For example, one might not normally expect a heavy process industry like cement 
industry to exhibit a seasonal variation in energy use because of weather changes. Despite this, 
if a seasonal pattern shows up in the graphical analysis, this may suggest the need to 
investigate for the possible sources of energy losses.  
 
It is common for a plant’s operating conditions or capacities to vary over the year. Therefore, 
the variation of energy use alone may not truly reflect the condition of energy efficiency in a 
plant. Thus, it is much better and more accurate to conduct this type of graphical analysis of a 
plant’s energy intensity (EI), which is the energy use per unit of production. Energy intensity can 
be calculated by using monthly energy consumption data obtained from energy bills and the 
monthly production data. 
 

Energy Intensity (kWh or GJ/ tonne) = Energy consumption (kWh or GJ)  
Production (tonne)       
 

A hypothetical example of energy intensity for electricity and fuel use in a textile spinning plant 
in a four-season country is provided in Figure 3. As can be seen, the electricity intensity pattern 
over the year does not vary much, whereas the fuel intensity pattern varies by the change in 
seasons. The reason is that in a spinning plant, fuel is used just for heating during the cold 
months, as the temperature and moisture of the spinning plants needs to be kept constant all 
over the year.  
 
A pie chart is another type of chart that can be used for graphical analysis of historical energy 
use and cost data. A pie chart can be used to show the share of various types of energy use and 
their costs graphically. Both monthly and annual data can be used for plotting such graph 
(Hooke et al. 2003). Figure 4 shows a hypothetical example of the share of each type of final 
energy2

 

 also the share of each type’s cost in relation to the total annual energy cost. As can be 
seen from Figure 4, although coal accounts for 60% of final energy use, it is only 35% of total 
energy cost. On the other hand, electricity represents the highest share of annual energy cost, 
while only accounting for 20% of total energy consumption. 

 
 
                                                 
2 It should be noted that the electricity is shown together with fossil fuel in the same graph or the electricity use is 
summed up with the fossil fuel use to get the total energy use, the electricity and fuels are all expressed as final 
energy used at the end-use and not primary energy, which takes into account the electricity generation, 
transmission, and distribution losses. 
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Figure 3. Historical electricity and fuel intensity patterns for a textile spinning plant 

 

  

  
Figure 4. Breakdown of final energy use and cost 
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4. Inventory and measurement of energy use  
 
Gathering data through an inventory and measurement is one of the main activities of energy 
auditing. Without adequate and accurate data, an energy audit cannot be successfully 
accomplished. Some data are readily available and can be collected from different divisions of 
the plant being audited. Some other data can be collected through measurement and recording. 
The energy audit team should be well-equipped with all of the necessary measurement 
instruments. These instruments can be portable or installed in certain equipment (CRES 2000). 
The most common data measured during the auditing process are: 

• Liquid and gas fuel flows 
• Electrical measurements, such as the voltage, current intensity and power, as well as 

power factor  
• Temperatures of solid and liquid surfaces 
• Pressure of fluids in pipes, furnaces or vessels  
• Exhaust gases emissions (CO2, CO, O2 and smoke) 
• Relative humidity 
• Luminance levels 

 
In Appendix 2 of this report (Energy Audit Instruments), commonly-used measurement 
instruments for industrial energy auditing are explained in more detail. Additional information 
on measurement and metering can also be found in Hooke et al. (2003). The remainder of this 
section focuses on the type of measurement that should be conducted and the analyses that 
can be made from those measurements in both electrical and thermal utilities. This is useful for 
the energy auditors and can help them to follow a systematic approach in order to assess the 
energy use and performance in an industrial plant. In this guidebook, the analysis is focused on 
an electrical load inventory and a thermal energy use inventory.  
 
4.1. Electrical load inventory 
Making an inventory of all electrical loads in a plant aims to answer two important questions: 
where the electricity is used? How much and how fast is electricity used in each category of 
load? One way to prioritize the electricity-saving opportunities is by the magnitude of the loads. 
Therefore, identifying and categorizing different loads in a plant can be useful. Because the 
inventory of the loads also quantifies the demand (i.e. how fast electricity is used) associated 
with each load or group of loads, it is valuable for further interpretation of the demand profile. 
The demand profile is further discussed in Section 5 of this guidebook. To conduct an electrical 
load inventory in an industrial plant, an auditor can follow the 8 steps explained in CIPEC (2009). 
 
4.2. Thermal energy use inventory 
An energy flow diagram like the one shown in Figure 2 is helpful for identifying thermal energy 
flows. The energy flow chart can show all energy flows into the facility, all outgoing flows from 
the facility to the environment, and all significant energy flows within the facility. The purpose 
of an energy flow diagram is not to describe a process in detail. In fact, it will generally not 
show specific devices and equipment that are found in its various sub-systems. The sum of the 
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energy outflows should equal energy inflows. With this information, it is often possible to see 
opportunities for energy saving and recovery. 
 
Identifying the type of energy flow: 
Table 1 provides a checklist for identifying the thermal energy outflows from a subsystem or a 
facility. This list of the thermal energy outflows is not exhaustive, but does include the major 
thermal energy flows where energy efficiency potentials often are found. 

 
Table 1. Checklist of Thermal Energy Outflows (CIPEC 2009) 

Energy Flow Type Example Equipment/Functions 
Conduction Wall, windows Building structure 

Airflow – sensible General exhaust Exhaust and make-up air systems, 
combustion air intake 

Airflow – latent 
 Dryer exhaust 

Laundry exhaust, pool ventilation, 
process drying, equipment 
exhaust 

Hot or cold fluid Warm water to drain 
Domestic hot water, process hot 
water, process cooling water, 
water-cooled air compressors 

Pipe heat loss Steam pipeline Steam pipes, hot water pipes, any 
hot pipe 

Tank heat loss Hot fluid tank Storage and holding tanks 
Refrigeration system output 
heat Cold storage Coolers, freezers, process cooling, 

air conditioning 

Steam leaks and vents 
Steam vent,  steam 
traps etc. 
 

Boiler plant, distribution system, 
steam appliance 

 
Calculations for estimating energy outflows and inflows: 
Explanation of the detail calculations of thermal energy flows is beyond the scope of this 
guidebook. However, further information about thermal energy flow calculations is widely 
available in references such as Morvay and Gvozdenac (2008), CIPEC (2009), and EERE (2004). 
Using an energy flow diagram, the auditor can begin to quantify the inflows and outflows of 
energy. In many cases, the information necessary to perform these energy calculations is 
readily available for several pieces of equipment and processes. Two of such information 
sources are nameplate ratings and steam flow meters.  
 
4.3. Energy system-specific measurements 
 
There are different types of energy systems in a plant such as pumping, fan, compressed air, 
steam, and process heating systems. Each of these systems has their own unique characteristics 
and they often require different measurement techniques and instruments. The American 
Society of Mechanical Engineers (ASME) has published energy assessment standards that cover 
the assessment of pumping, compressed air, steam, and process heating systems. In these 
standards, a step-by-step procedure for measurement and assessment of the systems is 
presented (ASME, 2009a,b,c, 2010). 
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4.4. Energy balance 
One of the advantages of an energy balance is that all energy inputs can be quantified and 
balanced against all energy outputs. A convenient graphical representation of this is the Sankey 
diagram. In a Sankey diagram, the energy losses/outflows, the energy gains/inflows, as well as 
the useful energy in a given energy system are represented quantitatively and in proportion to 
the total energy inflow, according to existing data from energy bills and invoices, calculations 
and in-site measurements in the plant. Presenting the energy flows visually with the aid of the 
Sankey diagram helps to locate the more critical energy-consuming areas of the energy system 
and, at the same time, to identify the sources that lead to energy losses. Figure 5 provides an 
example of Sankey diagram of energy flows. A Sankey diagram can be simply drawn by hand. 
However, there are also special software packages for the creation of the Sankey diagram. 
 

 
Figure 5. Sankey diagram that shows the theoretical heat outlay (left) and practical heat 

consumption (right) in cement production (Schmidt, 2008)3

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
3 Note: The heat values given in the figure are old and should not be used for cement plants today. However, this 
figure clearly shows the energy flows in the cement production. 
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5. Analyzing energy use and production patterns  
 
5.1. Load/Demand profile 
Electricity loads can change over time based on changes in end-user demand. A graph showing 
the load shape of a device or equipment over time is known as load/demand profile or diagram. 
If such a diagram is plotted for the load requirements of all the electricity-using equipment in a 
plant, it can be useful for determining the characteristics of the power requirements and for 
understanding the power supply economics. In fact, the shape of the load diagram is the source 
of major billing items on electricity bills and the basis for various tariff system charges (Morvay 
and Gvozdenac 2008). A sample of a daily load profile is shown in Figure 6. The shape of the 
load profile depends on the working arrangements and the nature of the processes and the 
energy systems in the plant being audited. For example, if a facility runs three shifts, the load 
profile could be fairly flat, whereas if the company works just one or two shifts, the 24 hour 
load profile will have peaks and valleys as shown in the figure below. 
 
The load profile can be monthly, daily, hourly or, if possible, more frequently. The time interval 
of a load profile depends on the purpose of the final analysis for which the load profile is 
needed. Most of the electricity bills provide enough information required for the development 
of the monthly load profile. Table 2 provides some useful information that can be derived from 
the load profile. 

 
Figure 6. A sample of a daily load profile in a single-shift plant 

 
Load Duration diagram 
In addition to the load profile, another useful analysis for assessing the operational 
performance of electricity use is a “load duration” diagram. The load duration diagram can be 
constructed from the load profile so that the cumulative durations of any particular load over 
the observed period are plotted in a sequence together as shown in Figure 7. The useful 
features of a load duration diagram are: 

• It indicates not only the peak loads but also the duration of the peak loads over the 
observed time interval which is important in making the demand control strategies. 
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• It provides an insight into variable and fixed demand which provides a basis for 
determining operational performance. Ideally, variable demand is caused only by 
production variability, while fixed demand reflects the unavoidable minimum 
consumption that occurs regardless of production output. In reality, however, neither of 
these would be the case. There is often a good opportunity to reduce both the fixed and 
variable portions of the demand in industrial plants. There are the common cases of so-
called “false” fixed demand when certain loads are operated as fixed although in reality 
such operations are not always required (Morvay and Gvozdenac 2008). 

• It also helps to determine the load during the non-production hours in order to reduce 
the energy use. It is often possible to determine the significant energy saving 
opportunity since some equipment might be working during non-production hours 
unnecessarily. 

Table 2. Information Related to a Load Profile (CIPEC 2009) 
Information  Description 

Peak load The time, magnitude and duration of the peak load period or periods may be determined. 
Night load  The load at night (or during unoccupied hours) is clearly identified. 
Start-up The effect of operation start-up(s) upon load and peak load may be determined. 

Shutdown The amount of load turned off at shutdown may be identified. This should equal the start-
up increment. 

Weather effects 
The effect of weather conditions on load for electricity can be identified from day to night 
(with changing temperature) and from season to season by comparing load profiles in 
each season. 

Loads that cycle The duty cycle of many loads can usually be seen in the load profile. This can be compared 
to what is expected. 

Interactions Interactions between systems may be evident: for example, increased load for electric 
heat when ventilation dampers are opened. 

Production 
effects 

The effect of increased load on production equipment should be evident in the load 
profile. 

Problem areas  For instance, a short-cycling compressor is usually easy to spot from the load profile. 

 
Figure 7. Construction of the Load Duration Diagram (Morvay and Gvozdenac 2008) 

 
An Excel spreadsheet is provided as a companion to this guidebook to assist energy auditors in 
developing the load profile of a plant or energy system on daily, weekly, monthly, and yearly 
basis. The spreadsheet tools can be found at http://china.lbl.gov/publications/industrial-
energy-audit-guidebook. 

http://china.lbl.gov/publications/industrial-energy-audit-guidebook�
http://china.lbl.gov/publications/industrial-energy-audit-guidebook�
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It should be noted that the daily load profile can be constructed for several consecutive days. In 
the spreadsheet for daily and monthly load profile, the template for creating a load duration 
diagram is also provided. 
 
5.2. Scatter diagram for presenting the dynamics of the energy-production relationship 
 
Variations in energy use are to some extent due to production variability. However, often 
excessive variation in energy use occurs that cannot be explained by the variation in production. 
In this case, the cause of such excessive variation can be identified by using various techniques 
some of which are explained below. For this purpose, the energy and production data and 
adequate knowledge of the production process is required. In section 3.4, how electricity and 
fuel intensity patterns can be constructed and interpreted is briefly explained. In this section 
and the following two sections, development of a scatter diagram and how it can be 
interpreted both qualitatively and statistically is explained based on Morvay and Gvozdenac 
(2008).  
 
A scatter diagram in which production is presented on the x-axis as an independent variable 
and energy is presented on the y-axis as a dependent variable provides useful information on 
the underlying relationship between energy use and production. An example of a scatter 
diagram of monthly energy use and production is shown in Figure 8. Such a scatter diagram 
does not have any time dimension. If production varies, it is expected that the energy use will 
vary as well. The position of each point in the scatter diagram is the result of explainable causes 
and production circumstances that have occurred during the observed period. When the 
energy use–production relationship is visualized in a scatter diagram, variations in performance 
become visible immediately and the auditor can begin to interpret the variation and take action. 
Next, qualitative analysis and interpretation of the energy-production relationship as provided 
by the scatter diagram is discussed. This is followed by an explanation of useful statistical 
methods for analysis of the data on the scatter diagram (Morvay and Gvozdenac 2008).  

 
Figure 8. An example of a scatter diagram for production and energy use data pattern 

(Morvay and Gvozdenac 2008)  
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5.3. Interpretation of energy-production data pattern on a scatter diagram 
An energy auditor needs to interpret unusual data patterns that appear on the scatter diagram. 
For example, the data plotted Figure 8 includes four areas of concern as shown in Figure 9 and 
explained below. 

 
Figure 9. Interpreting the data pattern in a scatter diagram (Morvay and Gvozdenac 2008) 

 
Data shown next to numbers 1 and 2 indicate that energy use is not changing much with 
changes in production levels. Moreover, energy use tends to be lower when the production is 
higher, which could be the sign of weak energy management and control. In other words, if 
there is no variability in energy use, it does not necessarily mean that the performance is good. 
On the contrary, for the production with same specifications, if the production drops or 
increases, energy use should drop or increase as well by the rate determined by the energy-
production relationship. Data shown next to number 3 indicate that for almost the same 
production output, there are several different points of recorded energy use ranging from 1300 
to 1800 tons of steam. In this case, the energy auditor should ask “if 1300 tons of steam is 
enough for the production, why is it not always enough?” Basically, if the production is steady, 
the energy use should also be steady, as long as the production specifications are unchanged. 
 
Data shown next to number 4 indicate a range of recorded production which varies from 876 to 
1825 tons/month. This is very large production variability. Sometimes, the specific energy 
consumption is higher (i.e. poorer energy performance) when production is lower because of 
the low capacity utilization in the plant. Normally, if production varies often and to a great 
extent, it can be difficult to maintain energy use at the optimum level; thus greater variations in 
energy use will happen. However, sometimes production variability is beyond the plant’s 
control because its level is set by market demand. However, such problems can also be shown 
when daily production and energy data are used to construct scatter diagrams. Through better 
production planning, daily production can be controlled and the large variation can be avoided. 
If production requirements are set below the maximum capacity, there is an option to operate 
machinery at full capacity for a shorter period of time rather than for full time at partial 
capacity (Morvay and Gvozdenac 2008). 
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A scatter diagram visualizes energy use patterns and can be used for qualitative analysis as 
explained above, but it does not provide quantitative information. To conduct the quantitative 
analysis, the statistical methods such as regression analysis should be applied. Some of these 
statistical methods are explained in Morvay and Gvozdenac (2008), CIPEC (2009), CenterPoint 
Energy (2004), and U.S. Environmental Protection Agency (2007a). 
 
An Excel spreadsheet is provided as a companion to this guidebook to assist energy auditors 
and managers in developing specific energy consumption as well as scatter diagrams that can 
be used for further statistical analyses. The spreadsheet tools can be found at 
http://china.lbl.gov/publications/industrial-energy-audit-guidebook. 
 
 
 
  

http://china.lbl.gov/publications/industrial-energy-audit-guidebook�
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6. Benchmarking and comparative energy performance analysis  
 
Energy efficiency benchmarking and comparisons can be used to assess a company’s 
performance relative to that of its competitors or its own performance in the past. 
Benchmarking can also be used for assessing the energy performance improvement achieved 
by the implementation of energy-efficiency measures. Also, on a national level, policy makers 
can use benchmarking to prioritize energy-saving options and to design policies to reduce 
greenhouse gas emissions. International comparisons of energy efficiency can provide a 
benchmark against which a company’s or industry’s performance can be measured to that of 
the same type of company or industry in other countries (Phylipsen et al. 2002). This section of 
the guidebook focuses on the facility-level, and not policy-level, perspective. 
 
Benchmarking energy performance of a facility enables energy auditors and managers to 
identify best practices that can be replicated. It establishes reference points for managers for 
measuring and rewarding good performance. It identifies high-performing facilities for 
recognition and prioritizes poor performing facilities for immediate improvement (Ptm 2009). 
Benchmarking can be done in variety of ways. Plant performance may be benchmarked to: 
 

• Past performance: comparing current versus historical performance. 
• Industry average: comparing to on an established performance metric, such as the 

recognized average performance of a peer group. 
• Best in class: benchmarking against the best in the industry and not the average. 
• Best Practices: qualitative comparing against certain, established practices or groups of 

technologies considered to be the best in the industry. 

The key steps in benchmarking include: 
• Determine the level of benchmarking (for example, technology, process line, or facility) 
• Develop metrics: select units of measurements that effectively and appropriately 

express energy performance of the plant (e.g. kWh/ton product, GJ/ton product, 
kgce/ton product, etc.) 

• Conduct comparisons to determine the performance of the plant or system being 
studied compare to the benchmark. 

• Track performance over time to determine if energy performance being improved or 
worsening over time in order to take the appropriate actions (US EPA 2007). 

 
While conducting benchmarking, the key drivers of energy use should be identified and the 
benchmarking metrics might be adjusted or normalized, for instance, based on the weather, 
production levels, or product characteristics that affect energy use. Normalizing data ensures a 
meaningful comparison and avoids comparing “apples to oranges.” Evaluating and acting on 
benchmarking results are as important as undertaking the benchmarking activity. Successful 
benchmarking also requires monitoring and verification methods to ensure continuous 
improvement (US EPA 2008c). 
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There are a few benchmarking tools that can be used by energy auditors and managers to 
conduct benchmarking in industrial facilities. However, these tools are currently only available 
for selected industrial sectors and/or for use in specific countries.  
 
Through the ENERGY STAR for Industry program, the US Environmental Protection Agency (EPA) 
has developed plant energy performance indicators (EPI) to enable energy auditors, managers, 
and corporate executives to evaluate the energy efficiency of industrial plants against similar 
facilities in the US. Users input plant operating data and receive an energy-efficiency rating for a 
plant on a scale of 1 to 100. EPIs are currently available for: cement manufacturing, container 
glass manufacturing plants, corn refining, flat glass manufacturing plants, frozen fried potato 
processing plants, juice processing plants, motor vehicle manufacturing, and pharmaceutical 
manufacturing. The EPI tools can be downloaded free of charge from US EPA (2008a). 
 
Another benchmarking tool is the Benchmarking and Energy Savings Tool (BEST) for Cement 
industry which was developed by Lawrence Berkeley National Laboratory (LBNL) in 
collaboration with the Energy Research Institute (ERI) and other partners in China. BEST-
Cement is a process-based benchmarking tool based on commercially available energy-
efficiency technologies used anywhere in the world applicable to the cement industry. The 
current version has been designed for use in China and benchmarks cement facilities to both 
Chinese and international best practice. However, it can also be used in other countries with 
small modifications. BEST-Cement for China is in both English and Chinese language and can be 
downloaded from LBNL & ERI (2008). 
 
Lawrence Berkeley National Laboratory also developed another benchmarking tool called BEST-
Winery. It compares the performance of a target winery plant to a similar reference winery. 
BEST-Winery’s reference winery is based on a very efficient winery using state-of-the art but 
commercially available energy- and water-efficient technologies. The BEST-Winery tool and its 
handbook are available free of charge from LBNL (2007). 
 
The Canadian Industry Program for Energy Conservation (CIPEC) has also developed and 
published series of energy benchmarking and best practices guidebooks for several industrial 
sectors such as pulp and paper mills, steel industry, ammonia industry, potash production 
facilities, salt-and-dry fish processing and lobster processing, automotive parts industry, and 
textiles wet processing. These guidebooks are available free of charge from CIPEC (2009b). 
 
 
 
 
 
  

http://www.energystar.gov/index.cfm?c=in_focus.bus_cement_manuf_focus�
http://www.energystar.gov/index.cfm?c=in_focus.bus_glass_manuf_focus�
http://www.energystar.gov/index.cfm?c=in_focus.bus_glass_manuf_focus�
http://www.energystar.gov/index.cfm?c=in_focus.bus_corn_refine_focus�
http://www.energystar.gov/index.cfm?c=in_focus.bus_glass_manuf_focus�
http://www.energystar.gov/index.cfm?c=in_focus.bus_food_proc_focus�
http://www.energystar.gov/index.cfm?c=in_focus.bus_food_proc_focus�
http://www.energystar.gov/index.cfm?c=in_focus.bus_food_proc_focus�
http://www.energystar.gov/index.cfm?c=in_focus.bus_motorveh_manuf_focus�
http://www.energystar.gov/index.cfm?c=in_focus.bus_pharmaceutical_focus�
http://www.energystar.gov/index.cfm?c=in_focus.bus_pharmaceutical_focus�
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7. Identifying energy efficiency and energy cost reduction opportunities  
 
There are various energy systems that can be found in almost all industrial plants such as motor 
systems, steam systems, compressed-air systems, pumps, and fan systems. These are so-called 
“cross-cutting” technologies. In addition, each industrial sub-sector has its own unique 
production technologies and processes. Energy-efficiency improvement opportunities can be 
found in both cross-cutting as well as industry-specific areas. Since there are many industrial 
sectors with numerous types of technologies and machinery, it is beyond the scope of this 
guidebook to discuss in detail the energy-efficiency opportunities for each technology, system, 
or industry.  
 
This section first explains how a load profile (described in section 5) can be used for energy cost 
reduction. Then, the list of energy-efficiency measures for cross-cutting technologies that can 
be further analyzed by energy auditors if applicable to the industrial plant being audited is 
briefly presented. Detailed explanation of specific energy-efficiency measures can be found in 
the references given for each section. Finally, references are given for the publications on 
sector-specific energy-efficiency measures for various industrial sectors that can be used by 
energy auditors to go beyond the cross-cutting technologies and identify the energy saving 
opportunity in the process.  
 
7.1. Electrical demand control 
Demand control is a follow-up analysis that is normally conducted by energy auditors after 
development of a demand or load profile. Demand control is simply a technique for leveling out 
the load profile diagram, i.e. “shaving” the peaks and “filling” the valleys (Figure 10). The main 
advantage of demand control and load management is the reduction of electricity cost. In 
practice, the demand limit of a plant is higher than the average electricity requirement since it 
is rarely possible to operate with constant power consumption. The first step in demand control 
schemes is to analyze the electricity utility tariff structure and past history of power demand in 
the plant. The concept of the load factor explained in section 3 is a useful tool in demand 
control analysis. Maximum demand and total kilowatt-hours are easily obtained from past 
electricity bills.  
 
The simplest method for reducing peak loads is to schedule production activities so that the 
largest electrical power users do not operate at the peak time at all, or at least some do not 
operate at the same time if possible. Machine scheduling is the practice of turning equipment 
on or off depending on the time of day, day of week, day type, or other variables and 
production needs. Improved machine scheduling is achieved through efficient production 
planning that takes into account the energy aspect of the production. This is one of the most 
effective ways to avoid machine idling and to reduce peak demand. A second method relies on 
automatic controls which shut down non-essential loads for a predetermined period during 
peak time by means of some load management devices such as simple switch on-off devices, 
single load control device, demand limiters, or computerized load management system (Morvay 
and Gvozdenac 2008). 
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Figure 10. Load profile with load factor control (LF = 80%) 

 
 
7.2. Cross-cutting energy-efficiency improvement options 
 

7.2.1. Energy-efficiency improvement opportunities in electric motors4

When considering energy-efficiency improvements to a facility’s motor systems, a systems 
approach incorporating pumps, compressors, and fans must be used in order to attain optimal 
savings and performance. In the following, considerations with respect to energy use and 
energy saving opportunities for a motor system are presented and in some cases illustrated by 
case studies. Pumping, fan and compressed air systems are discussed in addition to the electric 
motors.  

 

 
Motor management plan 
 A motor management plan is an essential part of a plant’s energy management strategy. 
Having a motor management plan in place can help companies realize long-term motor system 
energy savings and will ensure that motor failures are handled in a quick and cost effective 
manner. The Motor Decisions MatterSM

 Campaign suggests the following key elements for a 
sound motor management plan (CEE, 2007): 
 

1. Creation of a motor survey and tracking program. 
2. Development of guidelines for proactive repair/replace decisions. 
3. Preparation for motor failure by creating a spares inventory. 
4. Development of a purchasing specification. 
5. Development of a repair specification. 
6. Development and implementation of a predictive and preventive maintenance program. 

                                                 
4 This section is excerpted from Worrell et al. (2010). However, the sources of each section which are given in 
Worrell et al. (2010) are also provided in the text here. The case studies are from different sources which are also 
provided. 
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Maintenance 
The purposes of motor maintenance are to prolong motor life and to foresee a motor failure. 
Motor maintenance measures can therefore be categorized as either preventative or predictive. 
Preventative measures, include voltage imbalance minimization, load consideration, motor 
alignment, lubrication and motor ventilation. Some of these measures are further discussed 
below. Note that some of them aim to prevent increased motor temperature which leads to 
increased winding resistance, shortened motor life, and increased energy consumption. The 
purpose of predictive motor maintenance is to observe ongoing motor temperature, vibration, 
and other operating data to identify when it becomes necessary to overhaul or replace a motor 
before failure occurs (Barnish et al., 1997).  
 
The savings associated with an ongoing motor maintenance program could range from 2% to 30% 
of total motor system energy use (Efficiency Partnership, 2004). 
 
Energy-efficient motors 
Energy-efficient motors reduce energy losses through improved design, better materials, 
tighter tolerances, and improved manufacturing techniques. With proper installation, energy-
efficient motors can also stay cooler, may help reduce facility heating loads, and have higher 
service factors, longer bearing life, longer insulation life, and less vibration. 
 
The choice of installing a premium efficiency motor strongly depends on motor operating 
conditions and the life cycle costs associated with the investment. In general, premium 
efficiency motors are most economically attractive when replacing motors with annual 
operation exceeding 2,000 hours/year. Sometimes, even replacing an operating motor with a 
premium efficiency model may have a low payback period. According to data from the Copper 
Development Association, the upgrade to high-efficiency motors, as compared to motors that 
achieve the minimum efficiency as specified by the Energy Policy Act of 1992 can have paybacks 
of less than 15 months for 50 hp motors (CDA, 2001).  
 
Rewinding of motors 
In some cases, it may be cost-effective to rewind an existing energy-efficient motor, instead of 
purchasing a new motor. As a rule of thumb, when rewinding costs exceed 60% of the costs of a 
new motor, purchasing the new motor may be a better choice (CEE, 2007).  
 
When repairing or rewinding a motor, it is important to choose a motor service center that 
follows best practice motor rewinding standards in order to minimize potential efficiency losses. 
Such standards have been offered by the Electric Apparatus Service Association (EASA) (EASA, 
2006). When best rewinding practices are implemented, efficiency losses are typically less than 
1% (EASA, 2003). Software tools such as MotorMaster+ can help identify attractive applications 
of premium efficiency motors based on the specific conditions at a given plant.  
 
Proper motor sizing 
It is a persistent myth that oversized motors, especially motors operating below 50% of rated 
load, are not efficient and should be immediately replaced with appropriately sized energy-
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efficient units. In actuality, several pieces of information are required to complete an accurate 
assessment of energy savings. They are the load on the motor, the operating efficiency of the 
motor at that load point, the full-load speed (in revolutions per minute [rpm]) of the motor to 
be replaced, and the full-load speed of the downsized replacement motor 
 
The efficiency of both standard and energy-efficient motors typically peaks near 75% of full load 
and is relatively flat down to the 50% load point. Motors in the larger size ranges can operate 
with reasonably high efficiency at loads down to 25% of rated load. There are two additional 
trends: larger motors exhibit both higher full- and partial-load efficiency values, and the 
efficiency decline below the 50% load point occurs more rapidly for the smaller size motors. 
Software packages such as MotorMaster+ can aid in proper motor selection. 
 
Adjustable speed drives (ASDs)5

 Adjustable-speed drives better match speed to load requirements for motor operations, and 
therefore ensure that motor energy use is optimized to a given application. As the energy use 
of motors is approximately proportional to the cube of the flow rate

 

6

 

, relatively small 
reductions in flow, which are proportional to pump speed, already yield significant energy 
savings. 

Adjustable-speed drive systems are offered by many suppliers and are available worldwide. 
Worrell et al. (1997) provides an overview of savings achieved with ASDs in a wide array of 
applications; typical energy savings were shown to vary between 7% and 60% with estimated 
simple payback periods for ranging from 0.8 to 2.8 years (Hackett et al., 2005). 
 
Power factor correction 
Power factor is the ratio of working power to apparent power. It measures how effectively 
electrical power is being used. A high power factor signals efficient utilization of electrical 
power, while a low power factor indicates poor utilization of electrical power. Inductive loads 
like transformers, electric motors, and HID lighting may cause a low power factor. The power 
factor can be corrected by minimizing idling of electric motors (a motor that is turned off 
consumes no energy), replacing motors with premium-efficient motors, and installing 
capacitors in the AC circuit to reduce the magnitude of reactive power in the system (U.S. DOE, 
1996).  
 
 
 

                                                 
5 Several terms are used in practice to describe a motor system that permits a mechanical load to be driven at 
variable speeds, including adjustable speed drives (ASDs), variable speed drives (VSDs), adjustable frequency drives 
(AFDs), and variable frequency drives (VFDs). In this guide different terms are interchangeable. 
6 This equation applies to dynamic systems only. Systems that solely consist of lifting (static head systems) will 
accrue no benefits from (but will often actually become more inefficient) ASDs because they are independent of 
flow rate. Similarly, systems with more static head will accrue fewer benefits than systems that are largely dynamic 
(friction) systems. More careful calculations must be performed to determine actual benefits, if any, for these 
systems.  
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Minimizing voltage unbalances 
A voltage unbalance degrades the performance and shortens the life of three-phase motors. A 
voltage unbalance causes a current unbalance, which will result in torque pulsations, increased 
vibration and mechanical stress, increased losses, and motor overheating, which can reduce the 
life of a motor’s winding insulation. Voltage unbalances may be caused by faulty operation of 
power factor correction equipment, an unbalanced transformer bank, or an open circuit. A rule 
of thumb is that the voltage unbalance at the motor terminals should not exceed 1% although 
even a 1% unbalance will reduce motor efficiency at part load operation. A 2.5% unbalance will 
reduce motor efficiency at full load operation. 
 
By regularly monitoring the voltages at the motor terminal and through regular thermographic 
inspections of motors, voltage unbalances may be identified. It is also recommended to verify 
that single-phase loads are uniformly distributed and to install ground fault indicators as 
required. Another indicator for voltage unbalance is a 120 Hz vibration, which should prompt 
an immediate check of voltage balance (U.S. DOE-OIT, 2005b). The typical payback period for 
voltage controller installation on lightly loaded motors in the U.S. is 2.6 years (U.S. DOE-IAC, 
2006). 

 
7.2.2. Energy-efficiency improvement opportunities in compressed air systems7

 
 

Instrumentation consumes large amounts of compressed air at many individual locations in a 
textile plant, but these uses are susceptible to leakage. Most such leaks are at threaded 
connection points, rubber hose connections, valves, regulators, seals, and in old pneumatic 
equipment.  Air leaks from knitting operations are very common and can be quite large; these 
exact a large invisible cost, and the reduced pressure may impair the operation of the dyeing 
and finishing machines.  Integrated mills that contain knitting operations should check the 
compressed air systems in knitting as well as in the dyeing and finishing areas. 
 
More than 85% of the electrical energy input to an air compressor is lost as waste heat, leaving 
less than 15% of the electrical energy consumed to be converted to pneumatic compressed air 
energy (U.S. DOE-ITP EM, 2008). This makes compressed air an expensive energy carrier 
compared to other energy carriers. Many opportunities exist to reduce energy use of 
compressed air systems. For optimal savings and performance, it is recommended that a 
systems approach is used. In the following, energy saving opportunities for compressed air 
systems are presented.  
 
Also, ASME has published a standard that covers the assessment of compressed air systems 
that are defined as a group of subsystems of integrated sets of components for consistent, 
reliable, and efficient use of energy (ASME, 2010). In this standard the procedure of conducting 

                                                 
7 This section is excerpted from Worrell et al. (2010). However, the sources of each section which are given in 
Worrell et al. (2010) are also provided in the text here. The case-studies are from different sources which are also 
provided. 
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a detailed energy assessment of the compressed air system as well as the energy efficiency 
opportunities are described. 
 
Reduction of demand 
Because of the relatively expensive operating costs of compressed air systems, the minimum 
quantity of compressed air should be used for the shortest possible time, constantly monitored 
and reweighed against alternatives.  
 
Maintenance 
Inadequate maintenance can lower compression efficiency, increase air leakage or pressure 
variability and lead to increased operating temperatures, poor moisture control and excessive 
contamination. Better maintenance will reduce these problems and save energy. 
 
Monitoring 
Maintenance can be supported by monitoring using proper instrumentation, including 
(CADDET, 1997):  

• Pressure gauges on each receiver or main branch line and differential gauges across 
dryers, filters, etc.  

• Temperature gauges across the compressor and its cooling system to detect fouling and 
blockages. 

• Flow meters to measure the quantity of air used. 
• Dew point temperature gauges to monitor the effectiveness of air dryers. 
• kWh meters and hours run meters on the compressor drive. 

 
Reduction of leaks (in pipes and equipment) 
Leaks cause an increase in compressor energy and maintenance costs. The most common areas 
for leaks are couplings, hoses, tubes, fittings, pressure regulators, open condensate traps and 
shut-off valves, pipe joints, disconnects and thread sealants. Quick connect fittings always leak 
and should be avoided. In addition to increased energy consumption, leaks can make 
pneumatic systems/equipment less efficient and adversely affect production, shorten the life of 
equipment, lead to additional maintenance requirements and increased unscheduled 
downtime.  
 
A typical plant that has not been well maintained could have a leak rate between 20 to 50% of 
total compressed air production capacity (Ingersoll Rand 2001). Leak repair and maintenance 
can sometimes reduce this number to less than 10%. Similar figures are quoted by Cergel et al. 
(2000).  Overall, a 20% reduction of annual energy consumption in compressed air systems is 
projected for fixing leaks (Radgen and Blaustein, 2001).  
 
A simple way to detect large leaks is to apply soapy water to suspect areas. The best way is to 
use an ultrasonic acoustic detector, which can recognize the high frequency hissing sounds 
associated with air leaks.  
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Electronic condensate drain traps (ECDTs) 
Due to the necessity to remove condensate from the system, continuous bleeding, achieved by 
forcing a receiver drain valve to open, often becomes the normal operating practice, but is 
extremely wasteful and costly in terms of air leakage. Electronic condensate drain traps (ECDTs) 
offer improved reliability and are very efficient as virtually no air is wasted when the 
condensate is rejected. The payback period depends on the amount of leakage reduced, and is 
determined by the pressure, operating hours, the physical size of the leak and electricity costs. 
 
Reduction of the inlet air temperature 
Reducing the inlet air temperature reduces energy used by the compressor. In many plants, it is 
possible to reduce this inlet air temperature by taking suction from outside the building. 
Importing fresh air has paybacks of up to 5 years, depending on the location of the compressor 
air inlet (CADDET, 1997). As a rule of thumb, each 3°C reduction will save 1% compressor 
energy use (CADDET, 1997; Parekh, 2000).   
 
Maximizing allowable pressure dew point at air intake 
Choose the dryer that has the maximum allowable pressure dew point, and best efficiency. A 
rule of thumb is that desiccant dryers consume 7 to 14% and refrigerated dryers consume 1 to 
2% of the total energy of the compressor (Ingersoll-Rand, 2001). Consider using a dryer with a 
floating dew point. Note that where pneumatic lines are exposed to freezing conditions, 
refrigerated dryers are not an option. 
 
Optimizing the compressor to match its load 
Plant personnel have a tendency to purchase larger equipment than needed, driven by safety 
margins or anticipated additional future capacity. Given the fact that compressors consume 
more energy during part-load operation, this is something that should be avoided. Some plants 
have installed modular systems with several smaller compressors to match compressed air 
needs in a modular way (Cergel et al., 2000). In some cases, the pressure required is so low that 
the need can be met by a blower instead of a compressor which allows considerable energy 
savings, since a blower requires only a small fraction of the power needed by a compressor 
(Cergel et al., 2000).  
 
Proper pipe sizing 
Pipes must be sized correctly for optimal performance or resized to fit the compressor system. 
Inadequate pipe sizing can cause pressure losses, increase leaks and increase generating costs. 
Increasing pipe diameter typically reduces annual compressor energy consumption by 3% 
(Radgen and Blaustein, 2001).  
 
Heat recovery 
As mentioned earlier, more than 85% of the electrical energy used by an industrial air 
compressor is converted into heat (U.S. DOE-ITP EM, 2008). A 150 hp compressor can reject as 
much heat as a 90 kW electric resistance heater or a 422 MJ/hour natural gas heater when 
operating (Cergel et al., 2000). 
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In many cases, a heat recovery unit can recover 50 to 90% of the available thermal energy for 
space heating, industrial process heating, water heating, makeup air heating, boiler makeup 
water preheating, industrial drying, industrial cleaning processes, heat pumps, laundries or 
preheating aspirated air for oil burners (Parekh 2000). With large water-cooled compressors, 
recovery efficiencies of 50 to 60% are typical (U.S. DOE, 1998). When used for space heating, 
the recovered heat amount to 20% of the energy used in compressed air systems annually 
(Radgen and Blaustein, 2001). Paybacks are typically less than one year. In some cases, 
compressed air is cooled considerably below its dew point in refrigerated dryers to condense 
and remove the water vapor in the air. The waste heat from these aftercoolers can be 
regenerated and used for space heating, feedwater heating or process-related heating (Cergel 
et al., 2000).  
 
Adjustable speed drives (ASDs) 
When there are strong variations in load and/or ambient temperatures there will be large 
swings in compressor load and efficiency. In those cases installing an ASD may result in 
attractive payback periods (Heijkers et al. 2000). Implementing adjustable speed drives in 
rotary compressor systems has saved 15% of the annual compressed air system energy 
consumption (Radgen and Blaustein, 2001). 
 
 

7.2.3. Energy-efficiency improvement opportunities in pumping systems 8

 
 

Pump systems consist of pumps, driver, pipe installation and controls (such as ASDs or throttles) 
and are a part of the overall motor system. Below some of the energy efficiency opportunities 
for the pumping system are presented. Also, ASME has published a standard that covers the 
assessment of pumping systems, which are defined as one or more pumps and those 
interacting or interrelating elements that together accomplish the desired work of moving a 
fluid (ASME, 2009b). In this standard the procedure of conducting a detailed energy assessment 
of the pumping system as well as the energy efficiency opportunities are described. 
  
Maintenance 
Inadequate maintenance lowers pump system efficiency, causes pumps to wear out more 
quickly and increases costs. Better maintenance will reduce these problems and save energy. 
Proper maintenance includes the following (Hydraulic Institute, 1994; U.S. DOE, 1999):  
 

• Replacement of worn impellers, especially in caustic or semi-solid applications. 
• Bearing inspection and repair. 
• Bearing lubrication replacement, once annually or semiannually.  
• Inspection and replacement of packing seals.  
• Inspection and replacement of mechanical seals.  

                                                 
8 This section is excerpted from Worrell et al. (2010). However, the sources of each section which are given in 
Worrell et al. (2010) are also provided in the text here. The case-studies are from different sources which are also 
provided. 
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• Wear ring and impeller replacement.  
• Pump/motor alignment check.  
• The largest opportunity is usually to avoid throttling losses. 

 
Typical energy savings for operations and maintenance are estimated to be between 2% and 
7% of pumping electricity use for the U.S. industry. The payback usually is less than one year 
(Xenergy, 1998; U.S. DOE-OIT, 2002). 
 
Monitoring 
Monitoring in conjunction with operations and maintenance can be used to detect problems 
and determine solutions to create a more efficient system. Monitoring can determine 
clearances that need be adjusted, indicate blockage, impeller damage, inadequate suction, 
operation outside preferences, clogged or gas-filled pumps or pipes, or worn out pumps. 
Monitoring should include:  
 

• Wear monitoring  
• Vibration analyses 
• Pressure and flow monitoring  
• Current or power monitoring  
• Differential head and temperature rise across the pump (also known as thermodynamic 

monitoring) 
• Distribution system inspection for scaling or contaminant build-up 

 
One of the best indicators to follow for monitoring is specific energy or power consumption as a 
function of the flow rate (Hovstadius, 2007). 
 
Controls 
The objective of any control strategy is to shut off unneeded pumps or to reduce the load of 
individual pumps. Remote controls enable pumping systems to be started and stopped 
relatively quickly and accurately, and reduce the required labor with respect to traditional 
control systems.  
 
Reduction of demand 
Holding tanks can be used to equalize the flow over the production cycle, enhancing energy 
efficiency and potentially reducing the need to add pump capacity. In addition, bypass loops 
and other unnecessary flows should be eliminated. Energy savings may be as high as 5-10% for 
each of these steps (Easton Consultants, 1995). Total head requirements can also be reduced by 
lowering process static pressure, minimizing elevation rise from suction tank to discharge tank, 
reducing static elevation change by use of siphons and lowering spray nozzle velocities. 
 
More efficient pumps 
Pump efficiency may degrade 10% to 25% in its lifetime. Industry experts however point out 
that this degrading performance is not necessarily due to the age of the pump but can also be 
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caused by changes in the process which may have caused a mismatch between the pump 
capacity and its operation. Nevertheless, it can sometimes be more efficient to buy a need 
pump, also because newer models are more efficient.  
 
A number of pumps are available for specific pressure head and flow rate capacity 
requirements. Choosing the right pump often saves both in operating costs and in capital costs 
(of purchasing another pump). For a given duty, a pump that runs at the highest speed suitable 
for the application will generally be the most efficient option with the lowest initial cost 
(Hydraulic Institute and Europump, 2001). Exceptions include slurry handling pumps, high 
specific speed pumps or in applications where the pump needs a very low minimum net 
positive suction head at the pump inlet.  
 
Replacing a pump with a new efficient one reduces energy use by 2% to 10% (Nadel et al. 2002). 
Higher efficiency motors have been shown to increase the efficiency of the pump system 2 to 5% 
(Tutterow, 1999).  
 
Proper pump sizing 
A pump may be incorrectly sized for current needs if it operates under throttled conditions, has 
a high bypass flow rate, or has a flow rate that varies more than 30% from its best efficiency 
point flow rate (U.S. DOE-OIT, 2005). Where peak loads can be reduced, pump size can also be 
reduced. A smaller motor will however not always result in energy savings, as these depend on 
the load of the motor. Only if the larger motor operates at a low efficiency, replacement may 
result in energy savings. Pump loads may be reduced with alternative pump configurations and 
improved operations and management practices.  

 
When pumps are dramatically oversized, speed can be reduced with gear or belt drives or a 
slower speed motor. This practice, however, is not common. Paybacks for implementing these 
solutions are less than one year (U.S. DOE-OIT, 2002). Oversized and throttled pumps that 
produce excess pressure are excellent candidates for impeller replacement or “trimming,” to 
save energy and reduce costs. Correcting for pump oversizing can save 15% to 25% of electricity 
consumption for pumping (on average for the U.S. industry) (Easton Consultants, 1995).  
 
Multiple pumps for varying loads 
The use of multiple pumps is often the most cost-effective and most energy-efficient solution 
for varying loads, particularly in a static head-dominated system. Alternatively, adjustable 
speed drives could be considered for dynamic systems (see below).  
 
Parallel pumps offer redundancy and increased reliability. The installation of parallel systems 
for highly variable loads on average would save 10% to 50% of the electricity consumption for 
pumping for the U.S. industry (Easton Consultants, 1995). 
 
Impeller trimming (or shaving sheaves) 
Trimming reduces the impeller’s tip speed, which in turn reduces the amount of energy 
imparted to the pumped fluid; as a result, the pump’s flow rate and pressure both decrease. A 
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smaller or trimmed impeller can thus be used efficiently in applications in which the current 
impeller is producing excessive heat (U.S. DOE-OIT, 2005). In the food processing, paper and 
petrochemical industries, trimming impellers or lowering gear ratios is estimated to save as 
much as 75% of the electricity consumption for specific pump applications (Xenergy, 1998). 
 
Adjustable speed drives (ASDs) 
ASDs better match speed to load requirements for pumps. As for motors, energy use of pumps 
is approximately proportional to the cube of the flow rate9

 

 and relatively small reductions in 
flow may yield significant energy savings. New installations may result in short payback periods. 
In addition, the installation of ASDs improves overall productivity, control and product quality, 
and reduces wear on equipment, thereby reducing future maintenance costs.  

Similar to being able to adjust load in motor systems, including modulation features with 
pumps is estimated to save between 20% and 50% of pump energy consumption, at relatively 
short payback periods, depending on application, pump size, load and load variation (Xenergy, 
1998; Best Practice Programme, 1996). As a general rule of thumb, unless the pump curves are 
exceptionally flat, a 10% regulation in flow should produce pump savings of 20% and 20% 
regulation should produce savings of 40% (Best Practice Programme, 1996).   
 
Avoiding throttling valves 
Variable speed drives or on-off regulated systems always save energy compared to throttling 
valves (Hovstadius, 2002).The use of these valves should therefore be avoided. Extensive use of 
throttling valves or bypass loops may be an indication of an oversized pump (Tutterow et al., 
2000).  
 
Proper pipe sizing 
Energy may be saved by reducing losses due to friction through the optimization of pipe 
diameters. The frictional power required depends on flow, pipe size (diameter), overall pipe 
length, pipe characteristics (surface roughness, material, etc.), and properties of the fluid being 
pumped. Correct sizing of pipes should be done at the system design stages where costs may 
not be restrictive (U.S. DOE-OIT, 2005).  
 
Replacement of belt drives 
Most pumps are directly driven. However, some pumps use standard V-belts which tend to 
stretch, slip, bend and compress, which lead to a loss of efficiency. Replacing standard V-belts 
with cog belts can save energy and money, even as a retrofit. It is even better to replace the 
pump by a direct driven system, resulting in increased savings of up to 8% of pumping systems 
energy use with payback periods as short as 6 months (Studebaker, 2007). 
 
 
 
 

                                                 
9 This equation applies to dynamic systems only. 
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Precision castings, surface coatings or polishing 
The use of castings, coatings or polishing reduces surface roughness that in turn, increases 
energy-efficiency. It may also help maintain efficiency over time. This measure is more effective 
on smaller pumps.  
 
Improvement of sealing 
Seal failure accounts for up to 70% of pump failures in many applications (Hydraulic Institute 
and Europump, 2001). The sealing arrangements on pumps will contribute to the power 
absorbed. Often the use of gas barrier seals, balanced seals, and no-contacting labyrinth seals 
can help to optimize pump efficiency. 
 
 

7.2.4. Energy-efficiency improvement opportunities in fan systems10

 
 

Efficiencies of fan systems vary considerably across impeller types. The average energy saving 
potential in these systems in the U.S. Manufacturing industry is estimated at 6% (Xenergy, 
1998). For optimal savings and performance, it is recommended that a systems approach is 
used. In the following, energy saving opportunities for fan systems are presented.  
 
Minimizing pressure 
Pressure offers greater opportunities to reduce energy costs. A system with good airflow 
characteristics (duct velocities and sizes optimized), matched with the proper control device, 
pressure monitors, and variable-frequency drives, can help manage system pressure. Most 
baghouses or other collection devices will have varying pressure drops over the life of the 
system. Bags are generally more efficient at higher pressure drops, but then use more energy. A 
good pressure monitoring system that controls system volumetric flow rate can save thousands 
of dollars every year on the operation of even medium-sized systems. As ASDs become less 
expensive they are now being found on many installations. Be mindful of duct inefficiencies and 
fan system effects (elbows at inlets and outlets, etc. These shortcuts increase static pressure 
and operating costs for the life of the system (Lanham, 2007). 
 
Control density 
Temperature, moisture, molecular weight, elevation, and the absolute pressure in the duct or 
vessel affect the density of the transporting gas. A density change may affect the hardware 
requirements for the system. Evaporative cooling, for example, reduces volume, but the higher-
density air requires more power. This may be more than offset by reduced costs for smaller 
ducts, control devices, and fans (as well as lower the value for volumetric flow rate in the 
equation) (Lanham, 2007). 
 
 

                                                 
10 This section is excerpted from Worrell et al. (2010). However, the sources of each section which are given in 
Worrell et al. (2010) are also provided in the text here. The case-studies are from different sources which are also 
provided. 
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Fan efficiency 
The key to any design is proper fan selection. The design of the fan and its blade type can affect 
efficiency and power requirements significantly. Laboratory-measured peak fan efficiency may 
not be the most stable point of operation. If peak efficiency coincides with the peak of the 
pressure curve then there may be operational problems as volumetric flow rates vary with 
small changes in system pressure. The designer must consider both curves when selecting the 
best fan and operating point to optimize reliability and power usage. Fan type may dictate 
proper selection. Airfoil wheels, while more efficient, may not be a good choice when handling 
particulate laden air (Lanham, 2007). 
 
Proper fan sizing 
Most of the fans are oversized for the particular application, which can result in efficiency 
losses of 1-5% (Xenergy, 1998). However, it may be more cost-effective to control the speed 
than to replace the fan system.  
 
Adjustable speed drives (ASDs) 
Significant energy savings can be achieved by installing adjustable speed drives on fans. Savings 
may vary between 14 and 49% of fan system energy use when retrofitting fans with ASDs 
(Xenergy, 1998).  
 
High efficiency belts (cogged belts) 
Belts make up a variable, but significant portion of the fan system in many plants. Standard V-
belts tend to stretch, slip, bend and compress, which lead to a loss of efficiency. Replacing 
standard V-belts with cogged belts can save energy and money, even as a retrofit. Cogged belts 
run cooler, last longer, require less maintenance and have an efficiency that is about 2% higher 
than standard V-belts. Typical payback periods will vary from less than one year to three years 
(Xenergy, 1998). 
 
 

7.2.5. Energy-efficiency improvement opportunities in lighting system 
 
Some energy-efficiency opportunities to reduce energy use cost-effectively are given below.  
 
Lighting controls 
Lights can be shut off during non-working hours by automatic controls, such as occupancy 
sensors which turn off lights when a space becomes unoccupied. Manual controls can also be 
used in addition to automatic controls to save additional energy in smaller areas. The payback 
period for lighting control systems is generally less than 2 years (Worrell and Galitsky, 2004).  
 
Replace T-12 tubes by T-8 tubes 
In industry, typically T-12 tubes have been used. T-12 refers to the diameter in 1/8 inch 
increments (T-12 means 12/8 inch or 3.8 cm diameter tubes). The initial output for these lights 
is high, but energy consumption is also high. They also have extremely poor efficiency, lamp life, 
lumen depreciation, and color rendering index. Because of this, maintenance and energy costs 
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are high. Replacing T-12 lamps with T-8 lamps approximately doubles the efficacy of the former, 
thereby saves electricity (Worrell and Galitsky, 2004). 
 
Replace mercury lights with metal halide or high pressure sodium lights 
Where color rendition is critical, metal halide lamps can replace mercury or fluorescent lamps 
with an energy savings of 50%. Where color rendition is not critical, high pressure sodium lamps 
offer energy savings of 50 to 60% compared to mercury lamps (Worrell and Galitsky, 2004). 
 
Replace metal halide (HID) with high-intensity fluorescent lights 
Traditional HID lighting can be replaced with high-intensity fluorescent lighting. These new 
systems incorporate high-efficiency fluorescent lamps, electronic ballasts and high-efficacy 
fixtures that maximize output to the work place. Advantages to the new system are: they have 
lower energy consumption, lower lumen depreciation over the lifetime of the lamp, better 
dimming options, faster start-up, better color rendition, higher pupil lumens ratings and less 
glare. High-intensity fluorescent systems yield 50% electricity savings over standard HIDs. 
Dimming controls that are impractical in the HIDs can also save significant amounts of energy. 
Retrofitted systems cost about $185 per fixture, including installation costs. In addition to 
energy savings and better lighting qualities, high-intensity fluorescents can help to reduce 
maintenance costs (Worrell and Galitsky, 2004). 
 
Replace magnetic ballasts with electronic ballasts 
 A ballast is a mechanism that regulates the amount of electricity required to start a lighting 
fixture and maintain a steady output of light. Electronic ballasts save 12 – 25% of electricity use 
compared to magnetic ballast (Worrell and Galitsky, 2004).  
 
Optimization of plant lighting (lux 11

In many plants the lighting system is not specifically designed for the process. There are lux 
standards for each type of textile process. For instance, the required lux for weaving is usually 
higher than that of wet-processing. Even within just one production process, the required lux 
varies by the process step. For example, in a cotton spinning process, the required lux in the 
blow room should be much lower than that of ring frame section. If the lighting provided is 
higher than the standard (required lux) for any part of the production, this results in a waste of 
electricity. Therefore, the plant engineers should optimize the lighting system based on the 
standard lux specific for each process step. 

 optimization) in production and non-production 
departments 

 
Optimum use of natural sunlight 
Many plants do not use natural sunlight to an optimum level. In addition to optimizing the size 
of the windows, transparent sheets can be installed at the roof in order to allow more sunlight 
to penetrate into the production area. This can reduce the need for lighting during the day.  
 

                                                 
11 Lux is the SI unit of luminance, equal to one lumen per square meter. 
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7.2.6. Energy-efficiency improvement opportunities in steam systems12

 
 

Steam systems are often found in textile plants and can account for a significant amount of 
end-use energy consumption. Improving boiler efficiency and capturing excess heat can result 
in significant energy savings and improved production. Common performance improvement 
opportunities for the generation and distribution of industrial steam systems are given bellow.  
 
Also, the American Society of Mechanical Engineers (ASME) has published a standard that 
covers the assessment of steam systems that are defined as a system containing steam 
generator(s) or other steam source(s), a steam distribution network and end-use equipment 
(ASME, 2009a). In this standard the procedure of conducting a detailed energy assessment of 
the steam system as well as the energy efficiency opportunities are described. 
 
Steam Generation: 
   
Demand Matching 
A boiler is more efficient in the high-fire setting. Since process heating demands may change 
over time, situations can occur in which a boiler is operating beneath its optimum efficiency. 
Also, boilers may have been oversized, for instance because of additions or expansions that 
never occurred. Installing energy conservation or heat recovery measures may also have 
reduced the heat demand. As a result, a facility may have multiple boilers, each rated at several 
times the maximum expected load (U.S. DOE-OIT, 2006). An additional common problem with 
oversized boiler is the boiler “short cycling”, which occurs when an oversized boiler quickly 
satisfies process or space heating demands, and then shuts down until heat is again required.  
 
Fuel savings can be achieved by adding a smaller boiler to a system, sized to meet average loads 
at a facility. Multiple small boilers offer reliability and flexibility to operators to follow load 
swings without over-firing and short cycling. In particular, facilities with large seasonal 
variations in steam demand should use operate small boilers when demand drops, rather than 
operating their large boilers year-round. Operation measures to operate boilers on the high-fire 
setting have a average payback time of 0.8 years and the installation smaller boilers to increase 
the high-fire duty cycle has a average payback time of 1.9 years (U.S. DOE-IAC, 2006).   
 
Boiler allocation control 
Systems containing multiple boilers offer energy-saving opportunities by using proper boiler 
allocation strategies. This is especially true if multiple boilers are operated simultaneously at 
low-fire conditions. Automatic controllers determine the incremental costs (change in steam 
cost/change in load) for each boiler in the facility, and then shift loads accordingly. This 
maximizes efficiency and reduces energy costs. If possible, schedule loads to help optimize 
boiler system performance.  

                                                 
12 This section is excerpted from Worrell et al. (2010). However, the sources of each section which are given in 
Worrell et al. (2010) are also provided in the text here. The case-studies are from different sources which are also 
provided. 
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The efficiency of hot water boilers can improve through use of automatic flow valves. 
Automatic flow valves shut off boilers that are not being used, preventing the hot water from 
the fired boiler getting cooled as it passes through the unused boilers in the system. Where 
valves are left open the average flow temperature is lower than designed for and more fuel is 
used (CADDET, 2001).  
 
Flue shut-off dampers 
Where boilers are regularly shut down due to load changes, the heat lost to the chimney can be 
significant. A solution to stop this loss of hot air is to fit fully closing stack dampers, which only 
operate when the boiler is not required. Another alternative is to fit similar gas tight dampers 
to the fan intake (CADDET, 2001). 
 
Maintenance 
In the absence of a good maintenance system, the burners and condensate return systems can 
wear or get out of adjustment. These factors can end up costing a steam system up to 20-30% 
of initial efficiency over 2-3 years (U.S. DOE-OIT, 2001). A simple maintenance program to 
ensure that all components of the boiler are operating at peak performance can result in 
substantial savings and furthermore reduce the emission of air pollutants. On average the 
possible energy savings are estimated at 10% of boiler energy use (U.S. DOE-OIT, 2001). The 
establishment of a maintenance schedule for boilers has an average payback time of 0.3 years 
(U.S. DOE-IAC, 2006). 
 
Insulation improvement 
The shell losses of a well-maintained boiler should be less than 1%. New insulation materials 
insulate better, and have a lower heat capacity. As a result of this lower heat capacity, the 
output temperature is more vulnerable to temperature fluctuations in the heating elements. 
Improved control is therefore required to maintain the output temperature range of the old 
firebrick system. Savings of 6-26% can be achieved by combining improved insulation with 
improved heater circuit controls (Caffal, 1995). 
 
Reduce Fouling 
Fouling of the fireside of the boiler tubes and scaling waterside of the boiler should be 
controlled. Tests show that a soot layer of 0.03 inches (0.8 mm) reduces heat transfer by 9.5%, 
while a 0.18 inch (4.5 mm) layer reduces heat transfer by 69% (CIPEC, 2001). Scale deposits 
occur when calcium, magnesium, and silica, commonly found in most water supplies, react to 
form a continuous layer of material on the waterside of the boiler heat exchange tubes. Tests 
showed that for water-tube boilers 0.04 inches (1 mm) of buildup can increase fuel 
consumption by 2% (CIPEC, 2001). In fire-tube boilers scaling can lead to a fuel waste up to 5% 
(U.S. DOE-OIT, 2006). Moreover, scaling may result in tube failures.  
 
Scale removal can be achieved by mechanical means or acid cleaning. The presence of scale can 
be indicated by the flue gas temperature or be determined by visually inspect of the boiler tubes 
when the unit is shut down for maintenance. Fouling and scaling are more of a problem with 
coal-fed boilers than natural gas or oil-fed ones (i.e. boilers that burn solid fuels like coal should 
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be checked more often as they have a higher fouling tendency than liquid fuel boilers do) (U.S. 
DOE-OIT, 2006).  
 
Optimization of boiler blowdown rate 
Insufficient blowdown may lead to carryover of boiler water into the steam, or the formation of 
deposits. Excessive blowdown will waste energy, water, and chemicals. The optimum 
blowdown rate is determined by various factors including the boiler type, operating pressure, 
water treatment, and quality of makeup water. Blowdown rates typically range from 4% to 8% 
depending on boiler feed water flow rate, but can be as high as 10% when makeup water has a 
high solids content (U.S. DOE-OIT, 2006). Minimizing blowdown rate can therefore substantially 
reduce energy losses, makeup water and chemical treatment costs (U.S. DOE-IAC, 2006). 
Optimum blowdown rates can be achieved with an automatic blowdown-control system. In 
many cases, the savings due to such a system can provide a simple payback of 1 to 3 year (U.S. 
DOE-OIT, 2006). 
 
Reduction of flue gas quantities 
Often, excessive flue gas results from leaks in the boiler and the flue, reducing the heat 
transferred to the steam, and increasing pumping requirements. These leaks are often easily 
repaired. This measure consists of a periodic repair based on visual inspection or on flue gas 
monitoring which will be discussed below. 
 
Reduction of excess air 
The more air is used to burn the fuel, the more heat is wasted in heating air. Air slightly in 
excess of the ideal stoichometric fuel/air ratio is required for safety, and to reduce NOx 
emissions, and is dependent on the type of fuel. Poorly maintained boilers can have up to 140% 
excess air leading to excessive amounts of waste gas. An efficient natural gas burner however 
requires 2% to 3% excess oxygen, or 10% to 15% excess air in the flue gas, to burn fuel without 
forming carbon monoxide. A rule of thumb is that boiler efficiency can be increased by 1% for 
each 15% reduction in excess air (U.S. DOE-OIT, 2006). Fuel-air ratios of the burners should be 
checked regularly. On average the analysis of proper air/fuel mixture had a payback time of 0.6 
years. 
 
Flue gas monitoring 
The oxygen content of the exhaust gas is a combination of excess air (which is deliberately 
introduced to improve safety or reduce emissions) and air infiltration (air leaking into the 
boiler). By combining an oxygen monitor with an intake airflow monitor, it is possible to detect 
(small) leaks. Using a combination of CO and oxygen readings, it is possible to optimize the 
fuel/air mixture for high flame temperature (and thus the best energy-efficiency) and low 
emissions. The payback of installing flue gas analyzers to determine proper air/fuel ratios on 
average is 0.6 years (U.S. DOE-IAC, 2006). 
Preheating boiler feed water with heat from flue gas (economizer) 
Heat from flue gases can be used to preheat boiler feed water in an economizer. By preheating 
the water supply, the temperature of the water supply at the inlet to the boiler is increased, 
reducing the amount of heat necessary to generate steam thus saving fuel. While this measure 
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is fairly common in large boilers, there often still is potential for more heat recovery. Generally, 
boiler efficiency can be increased by 1% for every 22°C reduction in flue gas temperature. By 
recovering waste heat, an economizer can often reduce fuel requirements by 5% to 10% and 
pay for itself in less than 2 years (U.S. DOE-OIT, 2006). 
 
Recovery of heat from boiler blowdown 
When the water is blown from the high-pressure boiler tank, the pressure reduction often 
produces substantial amounts of steam. Up to 80% of the heat in the discharge is recoverable 
by using flash vessels and heat exchangers (CADDET, 2001). The recovered heat can 
subsequently be used for space heating and feed water preheating increasing the efficiency of 
the system. Any boiler with continuous blow down exceeding 5% of the steam rate is a good 
candidate for the introduction of blow down waste heat recovery. If there is a non-continuous 
blow down system, then consider the option of converting it to a continuous blow down system 
coupled with heat recovery (U.S. DOE-OIT, 2006). Larger energy savings occur with high-
pressure boilers. The use of heat from boiler blow down on average has payback period of 1.6 
years (U.S. DOE-IAC, 2006).  
 
Recovery of condensate 
By installing a condensing economizer, companies can improve overall heat recovery and steam 
system efficiency by up to 10% (U.S. DOE-OIT, 2007). Many boiler applications can benefit from 
this additional heat recovery. Condensing economizers require site-specific engineering and 
design, and a thorough understanding of the effect they will have on the existing steam system 
and water chemistry.  
 
Hot condensate can be returned to the boiler saving energy and reducing the need for treated 
boiler feed water as condensate, being condensed steam, is extremely pure and has a high heat 
content. Increasing the amount of returned condensate has an average payback period of 1.1 
years (U.S. DOE-IAC, 2006). Condensate has also been used to provide for hot water supply. 
This measure had an average payback period of 0.8 years (U.S. DOE-IAC, 2006). 
 
Combined Heat and Power (CHP) 
Combined heat and power (CHP) or cogeneration is the sequential production of two forms of 
useful energy from a single fuel source. In most CHP applications, chemical energy in fuel is 
converted to both mechanical and thermal energy. The mechanical energy is generally used to 
generate electricity, while the thermal energy or heat is used to produce steam, hot water, or 
hot air.  
 
CHP systems have the ability to extract more useful energy from fuel compared to traditional 
energy systems such as conventional power plants that only generate electricity and industrial 
boiler systems that only produce steam or hot water for process applications. CHP provides the 
opportunity to use internally generated fuels for power production, allowing greater 
independence of grid operation and even export to the grid. This increases reliability of supply 
as well as the cost-effectiveness. In addition, transportation losses are minimized when CHP 
systems are located at or near the end user (Oland, 2004). 
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The cost benefits of power export to the grid will depend on the regulation in the country 
where the industry is located, but can provide a major economic incentive. Not all countries 
allow wheeling of power (i.e. sales of power directly to another customer using the grid for 
transport) and for the countries that do allow wheeling, regulations may also differ with respect 
to the tariff structure for power sales to the grid operator.  
 
Steam Distribution System: 
 
Shutting off excess distribution lines 
Installations and steam demands change over time, which may lead to under-utilization of 
steam distribution capacity utilization, and extra heat losses. It may be too expensive to 
optimize the system for changed steam demands. Still, checking for excess distribution lines 
and shutting off those lines is a cost-effective way to reduce steam distribution losses.  
 
Proper pipe sizing 
When designing new steam distribution systems it is very important to account for the velocity 
and pressure drop. This reduces the risk of oversizing a steam pipe, which is not only a cost 
issue but would also lead to higher heat losses. A pipe that is too small may lead to erosion and 
increased pressure drop (Van de Ruit, 2000). 
 
Insulation related measures 
Insulation can typically reduce energy losses by 90% and help ensure proper steam pressure at 
plant equipment (U.S. DOE-OIT, 2006). The application of insulation can lead to significant 
energy cost savings with relatively short payback periods. For instance, the average payback 
period of the insulation on steam and hot water lines is 1.0 years, that of condensate lines 1.1 
year and that of the feedwater tank 1.1 years (U.S. DOE-IAC, 2006). The U.S. Department of 
Energy has developed the software tool 3E-Plus to evaluate the insulation for steam systems.  
 
Checking and monitoring steam traps 
A simple program of checking steam traps to ensure they operate properly can save significant 
amounts of energy. If the steam traps are not maintained for 3 to 5 years, 15-30% of the traps 
can be malfunctioning, thus allowing live steam to escape into the condensate return system. In 
systems with a regularly scheduled maintenance program, leaking traps should account for less 
than 5% of the trap population (U.S. DOE-OIT, 2006). The repair and replacement of steam 
traps has an average payback time of 0.4 years (U.S. DOE-IAC, 2006). Energy savings for a 
regular system of steam trap checks and follow-up maintenance is estimated to be up to 10% 
(Jones, 1997; Bloss, 1997).  
 
Thermostatic steam traps 
Using modern thermostatic element steam traps can reduce energy use while improving 
reliability. The main advantages offered by these traps are that they open when the 
temperature is close to that of the saturated steam (within 2°C), purge non-condensable gases 
after each opening, and are open on startup to allow a fast steam system warm-up. These traps 
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are also very reliable, and useable for a large range of steam pressures (Alesson, 1995). Energy 
savings will vary depending on the steam traps installed and the state of maintenance.  
 
Shutting of steam traps 
Other energy savings can come from shutting of steam traps on superheated steam lines when 
they are not in use. This has an average payback time 0.2 years (U.S. DOE-IAC, 2006).   
 
Reduction of distribution pipe leaks 
As with steam traps, the distribution pipes themselves often have leaks that go unnoticed 
without a program of regular inspection and maintenance. On average leak repair has a 
payback period of 0.4 years (U.S. DOE-IAC, 2006). 
 
Recovery of flash steam 
When a steam trap purges condensate from a pressurized steam distribution system to 
ambient pressure, flash steam is produced. Depending on the pressures involved, the flash 
steam contains approximately 10% to 40% of the energy content of the original condensate. 
This energy can be recovered by a heat exchanger and used for space heating or feed water 
preheating (Johnston, 1995; U.S. DOE-OIT, 2006). The potential for this measure is site 
dependent, as it is unlikely that a plant will build an entirely new system of pipes to transport 
this low-grade steam, unless it can be used close to the steam traps. Sites using multi-pressure 
steam systems can route the flash steam formed from high-pressure condensate to reduced 
pressure systems. 
 
Prescreen coal13

In some textile plants in which a coal-fired boiler is used (which is common in China and some 
other countries) raw coal is fed into the boiler and burned on stoke chains, which allows small-
sized coal to pass through the chain and become wasted.  To address this loss, companies 
should adopt spiral coal screen technology to screen the raw coal. This device greatly increases 
the rate of separation of good and bad quality coal, preventing small coal particles from falling 
off the stoke chain and increasing the calorific value of the fired coal. The installation of a spiral 
coal screener could save about 79 kg coal/tonne fabric (1.8 GJ/tonne fabric) in wet-processing 
plants based on the case-studies in China. It has an estimated cost of $35,000.  The screener 
would pay back its cost in about five months (Greer et al., 2010).  

 

 
  

7.2.7. Energy-efficiency improvement opportunities in process heating systems 
 
Performance and efficiency improvement opportunities in process heating systems can be 
grouped into the following categories. The complete list of energy efficiency measure for the 
process heating systems with the explanations can be found at US DOE ITP (2004). 
 

                                                 
13 This opportunity is relevant only to industrial boilers that use coal as a fuel.  Although very typical in China, coal-
fired boilers are not necessarily typical elsewhere in the world, and so this recommendation will not always apply. 
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Also, ASME has published a standard that covers the assessment of process heating systems 
that are defined as a group (or a set, or combination) of heating equipment used for heating 
materials in the production of goods in an industrial plant (ASME, 2009c). This standard 
provides the procedure for conducting a detailed energy assessment of the process heating 
system as well as the energy-efficiency opportunities. 
 
Heat Generation Opportunities 

• Control the air-to-fuel ratio (5 to 25% saving) 
• Preheat the combustion air (15 to 30% saving) 
• Use the oxygen enriched combustion air (5 to 25% saving) 

Heat Transfer Opportunities 
• Improve heat transfer with advanced burners and controls (5 to 10% saving) 
• Improve heat transfer within a furnace (5 to 10% saving) 

Heat Containment Opportunities 
• Reduce wall heat losses (2 to 5% saving) 
• Furnace pressure control (5 to 10% saving) 
• Maintain door and tube seals (up to 5% saving) 
• Reduce cooling of internal parts (up to 5% saving) 
• Reduce radiation heat losses (up to 5% saving) 

Heat Recovery Opportunities 
• Combustion air preheating (10 to 30% saving) 
• Fluid or load preheating (5 to 20% saving) 
• Heat cascading (5 to 20% saving) 
• Fluid heating or steam generation (5 to 20% saving) 
• Absorption cooling (5 to 20% saving) 

 
7.3. Sector-specific energy-efficiency improvement opportunities for selected industrial 
sectors  
 
US EPA provides an ENERGY STAR energy guide for several industries, developed by Lawrence 
Berkeley National Laboratory (LBNL). The guide is a resource on trends in energy use and 
energy intensity in the U.S. industry as well as a systematic analysis and discussion of the 
energy-efficiency opportunities in manufacturing plants that could be applicable to plants 
anywhere in the world. Energy auditors and managers can use the guide to identify areas for 
improvement, evaluate potential energy improvement options, develop action plans and 
checklists for the energy saving programs, and educate company employees. Energy efficiency 
guides are currently available for (US EPA, 2008b): 

• breweries industry  
• cement industry  
• corn refining  

http://www.energystar.gov/ia/business/industry/LBNL-50934.pdf�
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• food processing  
• glass manufacturing  
• motor vehicle industry  
• petroleum refining  
• petrochemical industry  
• pharmaceutical manufacturing  

In addition to the guidebooks developed for ENERGY STAR, LBNL has also developed studies to 
assess energy-efficient industrial technologies for some additional industries. Technology 
assessments include a description of the technology, an assessment of potential energy savings, 
and of the investments and cost-savings (including non-energy benefits). Such studies have 
been performed for specific industrial sectors, as well as for categories of cross-cutting 
technologies (e.g. motors, steam systems). Reports on the energy efficiency measures are 
available for various sectors such as chemicals, fruit and vegetable processing, iron and steel, 
and wineries. Appendix 3 provides a list of sector-specific energy-efficiency measures in table 
format as a check list for the plant engineers and auditors. Energy auditors and managers can 
download the full reports of each industry sector from LBNL (2009) and US EPA (2008b).  
 
There are also a series of reference documents of best available techniques (BATs) for various 
industrial sectors that the European Integrated Pollution Prevention and Control (IPPC) Bureau 
has developed. In short, each BAT Reference (BREF) document generally gives information on a 
specific industrial sector in the EU, techniques and processes used in this sector, current 
emission and consumption levels, techniques to consider in the determination of the best 
available techniques (BATs), the BATs, and some emerging techniques. The full reports can be 
downloaded from the European Commission (2009). The Canadian Industry Program for Energy 
Conservation (CIPEC), sponsored by Natural Resources Canada (NRC) has also developed best 
practices guidebooks for various Canada's industrial sectors. These guidebook are available free 
of charge from CIPEC (2009b).  
 
The U.S Department of Energy’s Industrial Technologies Program (ITP) aims to help industries to 
reduce energy intensity and carbon emissions. Extensive resources can be found from the ITP 
website on the use of today's advanced technologies and energy management best practices in 
different industrial sectors. Tip sheets, fact sheets, guidebooks, case-studies for different 
industrial sectors, technical publications, and software/tools for different energy systems such 
as steam, process heating, motors, pumps, fans, and compressed air can be downloaded from 
US DOE ITP (2009). All of the aforementioned resources can be used by energy auditors and 
managers in any country in the world. Moreover, to identify specific energy-efficiency measures 
for office buildings in the plants (which are not discussed in this guidebook), energy auditors 
can use other sources such as US DOE BTP (2009), Moss K.J. (2006), and many others resources 
available online. 
 
 
 
 

http://www.energystar.gov/ia/business/industry/in_focus/Pharmaceutical_Energy_Guide.pdf�
http://industrial-energy.lbl.gov/node/412�
http://industrial-energy.lbl.gov/node/326�
http://industrial-energy.lbl.gov/node/336�
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8. Cost-benefit analysis of energy-efficiency opportunities  
 
After identifying the list of energy-efficiency measures applicable to the facility, the auditor can 
also conduct an economic feasibility analysis, a so-called “cost-benefit analysis”, for the 
measures and make recommendations for their implementation. Step-by-step guidance for 
energy auditors on life-cycle costing, discounting, net present value, internal rate of return, 
savings-to-investment ratio, and payback periods in order to conduct the common economic 
analysis for the assessment of financial viability of the energy efficiency measures is presented 
below. 
 
8.1. Life-cycle cost analysis (LCCA) 
Life-cycle cost analysis (LCCA) is an economic method of project financial evaluation in which all 
costs from owning, operating, maintaining, and disposing of a project are taken into account. 
LCCA is useful for evaluating energy-efficiency projects because the capital cost of energy-
efficiency projects is incurred at once at the beginning of the project, while the savings occur 
throughout the lifetime of the project. Hence, LCCA can determine whether or not these 
projects are economical from the investor's viewpoint, based on reduced energy costs and 
other cost reductions over the project or equipment lifetime. 
 
Also, there are often a number of cost-effective alternatives for energy-efficiency improvement 
of the system. In such cases, LCCA can be used to identify the most cost-effective alternative for 
a given application. This is normally the alternative with the lowest lifecycle cost. LCCA stands in 
direct contrast to the simple payback period (SPP) method which focuses on how quickly the 
initial investment can be recovered. As such SPP is not a measure of long-term economic 
performance or profitability or the project. The SPP method typically ignores all costs and 
savings occurring after the point in time in which payback is reached. It also does not 
differentiate between project alternatives having different lifetimes and it often uses an 
arbitrary payback threshold. Moreover, the SPP method which is commonly used ignores the 
time value of money when comparing the future stream of savings against the initial 
investment cost (Fuller and Petersen 1996). 
 
8.2. Life cycle cost (LCC) method 
The LCC is the total cost of owning, operating, maintaining, and disposing of the technology 
over the lifetime of the project or technology. In this method, all costs are adjusted (discounted) 
to reflect the time value of money. The LCC of a technology or measure has little value by itself; 
it is most useful when it is compared to the LCC of other alternatives which can perform the 
same function in order to determine which alternative is most cost effective for this purpose. 
These alternatives are typically "mutually exclusive" alternatives because only one alternative 
for each system evaluated can be selected for implementation. 
 
Discounting future amounts to present value: 
Project-related costs occurring at different points in time must be discounted to their present 
value as of the base date before they can be combined into a LCC estimate for a given project. 
The discount rate used to discount future cash flows to present value is based on the investor's 
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time value of money. In the private sector, the investor's discount rate is generally determined 
by the investor's minimum acceptable rate of return (MARR) for investments of equivalent risk 
and duration (Fuller and Petersen 1996). Table 3 shows the four discounting formulas that are 
most frequently used in LCC analysis.  
 

Table 3. Four Present-Value formulas that are often used in LCC analysis  
(Fuller and Petersen 1996) 

Single Present Value (SPV): This formula is used to calculate the present 
value, PV, of a future cash amount occurring at the end of year t (Ft), 
given a discount rate (d). 

 
 

Uniform Present Value (UPV): This formula is used to calculate the PV 
of a series of equal cash amounts, A0, that recur annually over a period 
of n years, given d. 

 

 

Uniform Present Value modified for price escalation (UPV*): This 
formula is used to calculate the PV of recurring annual amount that 
change from year to year at a constant escalation rate, e,  over n years, 
given d. 

 

 

Uniform Present Value modified for price escalation for use with 
energy costs (UPVe*): This is used to calculate the PV of recurring 
annual energy cost over n years that change from year to year at a non-
constant escalation rate. US DOE has pre-calculated the factor to be 
used for this type of discounting based on its own energy price 
projections. However, for people out of the U.S they should simply take 
the best forecast/assumption for energy price escalation during the 
lifetime of the project and take that into account while calculating the 
energy cost in each year. Then, the PV of each year should be calculated 
separately using SPV formula given above. Finally, the PV of all years 
should be added together to calculate the total PV in the base year. If 
you arbitrary assume the constant energy price escalation, then you can 
use the UPV* formula given above. 

 

 
To undertake a meaningful comparison of costs occurring at different points of time, those 
costs much be adjusted for changes in the purchasing power of the money (dollar, yuan, or any 
other currency) by estimating the future costs and saving in constant dollars (or any other 
currency) and using the real discount rate that excludes the rate of Inflation. In this case, if price 
escalation is needed, the real price escalation should be used as well. The formulas to convert 
nominal discount rate and escalation rate to real discount rate and escalation rate are given in 
equations 4 and 5, respectively. 
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d = (1+D)/(1+I) – 1                          (Eq. 4) 
Where: 
 “d” is the real discount rate, “D” is the nominal discount rate, and “I” is the inflation rate. 
 

e = (1+E)/(1+I) – 1                          (Eq. 5) 
Where: 
 “e” is the real price escalation rate, “E” is the nominal price escalation rate, and “I” is the 
inflation rate.  
 
Cash-flow diagram 
A cash-flow diagram for a project provides a simple and clear way of visualizing all relevant 
costs and their timing (Figure 11). A horizontal timeline represents the study period or project 
lifetime and marks each year and key dates; e.g., the base date, the service date, and the end of 
the study period or lifetime of the project. There is no standard convention for showing costs 
on a cash flow diagram, but positive costs are typically shown above the horizontal timeline, 
and negative costs (e. g., residual values) are shown below the timeline. Initial investment costs, 
operation and maintenance costs, consumption-linked costs, and replacement costs are the 
general categories of the costs. The annual savings in consumption (energy, water, material, 
etc.) and savings in operation and maintenance costs are example of revenues that can be 
shown in the cash-flow diagram. Figure 11 shows an example of cash-flow diagram for a 
conventional HVAC design. 
 

 
Figure 11. The cash-flow diagram for the conventional HVAC design  

(Fuller and Petersen 1996) 
 
Formulas for LCC 
The general formula for a LCC present-value calculation is provided below: 

                 LCC = ∑
= +

N

t
t

t

d
C
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                        (Eq. 6) 

Where: 
LCC = Total LCC in present-value dollars of a given project, 
Ct = Sum of all relevant costs, including initial and future costs or any positive cash-flow 
occurring in year t, 
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N = Number of years in the study period, d = Discount rate used to adjust cash flows to PV. 
The general LCC formula shown in Eq. 6 requires that all costs be identified by year and by 
amount. This general formula, while straightforward from a theoretical point of view, can 
require extensive calculations, especially when the study period is more than a few years long. 
A simplified LCC formula for energy efficiency projects in industry is shown in Eq. 7: 

                    
   LCC = I + Repl - Res + E + W + OM&R                      (Eq. 7) 

where: 
LCC = Total LCC in present-value dollars of a given project, 
I = Present-value of investment costs, 
Repl = Present-value of capital replacement costs, 
Res = Present-value of residual value (resale value, scrap value, salvage value) or disposal costs, 
E = Present-value of energy costs, 
W = Present-value of water costs,  
0M&R = Present-value of non-fuel operation cost and maintenance and repair costs. 
 
The LCC method provides a consistent way of accounting for all costs related to a particular 
energy-efficiency project over a given study period. In general, the LCCA is needed to 
demonstrate that the additional investment cost for a energy-efficiency project could be offset 
by its corresponding reduction in operating and maintenance costs (including energy and water 
costs), relative to the base case. Some of the key issues that should be taken into consideration 
when using the LCC method for project evaluation are: 

• Choose among two or more mutually-exclusive alternatives on the basis of lowest LCC. 
• All alternatives must meet established minimum performance requirements. 
• All alternatives must be evaluated using the same base date, service date, study period, 

and discount rate. 
• Positive cash flows (if any) must be subtracted from costs. 
• Effects not measured in dollars must be either insignificant, uniform across alternatives, 

or accounted for in some other ways (Fuller and Petersen 1996). 
 
There are three supplementary methods of economic analysis that are consistent with the LCC 
method for project evaluation. These are net present value (NPV), internal rate of return (IRR) 
method, and savings-to-investment ratio (SIR) methods, which are explained below. 
 
8.3. Net present value (NPV) method 
The net present value (NPV) of a project is one of the basic economic criteria that are used for 
accepting or rejecting a project. Two conditions must be satisfied if a project is to be acceptable 
on economic grounds:  

1. The expected present value of the net benefits (or net present value (NPV)) of the 
project must not be negative when discounted at an appropriate rate. 

2. The expected NPV of the project must be at least as high as the NPV of mutually-
exclusive alterative. 

 
 

 



 

49 
 

NPV can be calculated as follows: 
 
 
           

                                     (Eq. 8) 
Where: 
Bt is the benefit in year t, Ct is the cost in year t, r is the discount rate, and n is the lifetime of 
the project (World Bank, 1998).  
 
The NPV can be calculated using spreadsheet software such as Microsoft Excel, in which has a 
built-in NPV function. 
 
 
8.4. Internal rate of return (IRR) method 
In addition to the NPV, the internal rate of return (IRR) is also often used in the evaluation of 
the economic feasibility of a project. The IRR is the discount rate that results in a zero NPV for 
the project; thus IRR is closely related to the NPV. If the IRR equals or exceeds the appropriate 
market discount rate, then the project’s NPV will not be negative and the project will be 
acceptable from the NPV point of view as well. The formula for the calculation of IRR is given in 
equation 9. The IRR can also be calculated using spreadsheet software such as Microsoft Excel, 
in which has a built-in IRR function. IRR can be calculated as follows: 
 

                  (Eq. 9) 
Where: 
Bt is the benefit in year t, Ct is the cost in year t, IRR is the Internal rate of Return, and n is the 
lifetime of the project.  
 
In most cases, both the NPV and IRR techniques will lead to the same result. A project with the 
NPV greater than or equal to zero at some discount rate typically also has an IRR that is greater 
than or equal to discount rate.  
 
There are, however, some difficulties with the IRR criterion and it should be used with caution 
for making decisions, especially when comparing mutually-exclusive alternatives. First, not 
every project has an IRR. For example, if the net benefits of the project begin so soon that the 
project shows positive net benefits in every year, the IRR does not exist. Second, some projects 
may have more than one IRR. In these cases, the IRR method cannot be applied. Multiple IRRs 
arise when the project’s net benefits change sign more than once during the lifetime of the 
project. For example, a project that has negative net benefits during the first two years, positive 
net benefits during the next two years, negative net benefits again in the fifth year (perhaps 
because of new investments), and positive net benefits thereafter can have up to three IRRs. In 
general there can be as many IRRs as there are sign changes in the stream of net benefits 
(World Bank, 1998). 

   = 0 

   
= 



 

50 
 

8.5. Simple payback period (SPP) method 
In contrast to the NPV and IRR methods, the simple payback period (SPP) calculation does not 
use discounted cash flows. The SPP also ignores any changes in prices (e. g., energy price 
escalation) during the payback period. The acceptable SPP for a project is typically set at an 
arbitrary time period often considerably less than its expected service period. SPP ignores all 
costs, savings, and any residual value occurring after the payback date. Payback is not a valid 
method for selecting among multiple, mutually-exclusive, project alternatives. The payback 
measures also should not be used to rank independent projects for funding allocation. In 
general, payback is best used as a screening method for identifying single project alternatives 
that are so clearly economical that the full LCC Analysis is not necessary (Fuller and Petersen 
1996). 
 
An Excel spreadsheet is provided as a companion to this guidebook to assist energy auditors 
and managers in conducting the economic analyses explained above. The spreadsheet tools can 
be found at http://china.lbl.gov/publications/industrial-energy-audit-guidebook. 
 
 
 
 
 
 

http://china.lbl.gov/publications/industrial-energy-audit-guidebook�
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9. Preparing an energy audit report  
 
After finishing the energy audit, the audit team should write an energy audit report. In the 
report, the auditors should explain their work and the results in a well-structured format. The 
energy audit report should be concise and precise and should be written in a way that is easy 
for the target audience to comprehend. Some key issues that should be kept in mind while 
writing an audit report are: 

• The audit report should be written in a way that provides suitable information to the 
potential readers of the report which could be the CEO or plant manager, the supervisor 
of engineering or maintenance, and the plant shift supervisor.  

• The audit report should be concise and precise and use direct language that is easy to 
understand. 

• Use more graphs rather than tables for the presentation of data, results and trends. 
• The recommendation section should be specific, clear and with adequate detail.  
• Assumptions made in the analysis should be explained clearly.  How changes in the key 

assumptions can influence the results should also be explained. A sensitivity analysis is a 
very helpful tool for this. 

• The auditors should do their best to avoid mistakes and errors in the report especially in 
the results. Even a few errors could damage the credibility of the audit. 

• The energy audit report should be consistent in structure and terminology used. 
• The calculations made in the analysis work should be explained clearly. An example of 

each type of calculation can be given either in the main body of the report or in 
appendix for more clarity (CIPEC 2009). 

 
Typical energy audit report contents and format are given below. The following format is 
applicable for thorough energy audit of a plant in most industries. However, the format can be 
modified for specific requirements applicable to a particular type of industry or energy audit 
(APO 2008; CIPEC 2009). 
 
Typical content for an energy audit report: 
1. Executive Summary 

1.1 Summary information on key audit findings (annual consumption and/or energy 
budget, key performance indicators, etc.) 
1.2 Recommended energy-efficiency measures (with a brief explanation of each) 
1.3 Implementation costs, savings and economic indicators (e.g. IRR, NPV, SPP) for the 
recommended measures  
1.4 Any other useful information related to the implementation of energy-efficiency 
measures 

2. Audit objectives, scope and methodology 
3. Plant Overview 

3.1 General plant details and description 
3.2 Component of production cost (raw materials, energy, chemicals, manpower, 
overhead, other) 
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3.3 Major energy use and the users 
4. Production Process Description 

4.1 Brief description of manufacturing process 
4.2 Process flow diagram  
4.3 Major raw material inputs, quantities, and costs 

5. Energy and Utility System Description 
5.1 List of utilities 
5.2 Brief description of each utility (any of the following that are applicable) 

5.2.1 Electricity 
5.2.2 Steam 
5.2.3 Water 
5.2.4 Compressed air 
5.2.5 Chilled water 
5.2.6 Cooling water 
5.2.7 Process heating 

6. Detailed Process Flow Diagram and Energy & Material Balance 
6.1 Flowchart showing flow rate, temperature, and pressures of all input-output streams 
6.2 Water balance for major units in the facility 

7. Energy Use Analysis in Utility and Process Systems (any of the following that are applicable) 
7.2 Boiler efficiency assessment 
7.3 Furnace/kiln efficiency analysis 
7.4 Cooling water system performance assessment 
7.5 Refrigeration system performance 
7.6 Compressed air system performance 
7.7 Summary of load inventory results 

8. Energy Use and Energy Cost Analysis in the Plant 
8.1 Specific energy consumption 
8.2 Summary of energy bills analysis results 
8.3 Summary of the results from the analyzing the energy use and production patterns 
8.4 Summary of the results from the benchmarking analysis 
8.5 Summary of assumptions and samples for all important calculations 

9. Energy-Efficiency Options and Recommendations 
9.1 List of energy-efficiency options classified in terms of no cost/low cost, medium cost, 
and high investment cost along with their annual energy and cost savings 
9.2. Summary of the cost-benefit analysis of energy-efficiency measures 

10. Conclusion and a brief action plan for the implementation of energy-efficiency options 
Acknowledgements 
Appendixes 

A1. List of energy audit worksheets 
A2. List of vendors for energy-efficient technologies and other technical details 
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10. Post-audit activities  
 
10.1. Create an action plan for the implementation of energy-efficiency measures 14

 
 

In practice there are often barriers that prevent the successful implementation of energy-
efficiency measures recommended in an energy audit report. Therefore, it is helpful to establish 
a clear procedure to ensure the successful realization of recommended improvements. An 
implementation action plan should be described in a simple way with clear goals, saving targets, 
and definitions of roles and responsibilities for its execution (Austrian Energy Agency 2007). 
 
A detailed action plan helps to ensure a systematic process to implement energy-efficiency 
measures. The action plan can be updated regularly, most often on an annual basis, to reflect 
recent achievements, changes in performance, and shifting priorities. While the scope and scale 
of the action plan is often dependent on the organization, the steps below outline a basic 
starting point for creating a plan: 

1. Define technical steps and targets 
2. Determine roles and resources 

 
Before finalizing the action plan, it is better to consult with plant managers and key engineers 
to get their input on the action plan (US EPA, 2007b). 
 
Define Technical Steps and Targets: 
The energy audit results can provide an indication of the technical performance of the plant 
and its gap with the efficient performance. Based on this, opportunities for energy-efficiency 
improvement can be identified and prioritized. Three key steps are: 

• Create performance targets for each facility, department, and operation of the 
organization to track progress towards achieving the goals. 

• Set timelines for actions, including regular meetings among key personnel to evaluate 
progress, completion dates, milestones and expected outcomes. 

• Establish a monitoring system to track and monitor the progress of actions taken. This 
system should track and measure energy use and project/program activities. 

 
Determine Roles and Resources: 
Identify internal roles 
The action plan should determine who is involved in the energy-efficiency program and what 
their responsibilities are. Depending on the organization and action plan, this might include 
departments such as: 

• Facility and operations management 
• Financial management - capital investments, budget planning 
• Human resources - staffing, training, and performance standards 
• Maintenance 

                                                 
14 This section is excerpted from US EPA (2007b), unless different source is given. 
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• Supply management - procurement procedures, energy purchasing and equipment and 
materials 

• Building and plant design 
• Engineering 
• New product/process development teams 
• Communications Marketing 
• Environmental, Health, and Safety 

 
Identify external roles 
The action plan should determine the degree to which consultants, service providers, vendors, 
and other product providers will be used. Some organizations may choose to outsource entire 
aspects of their action plan while others may only want to contract with specific vendors for 
limited projects. If contractors will be used, the action plan should determine what standards 
will be used to evaluate bids and incorporated these metrics into agreements with contractors. 
 
Determine Resources 
For each project or program in the action plan, estimate the cost for each item in terms of both 
human resources and capital/expense. Then, develop the business case for justifying and 
gaining funding approval for action plan projects and resources need (US EPA, 2007b). 
 
10.2. Implement the action plan15

To successfully implement the action plan, it is vital to gain support from the personnel within 
the plant involved in the energy-efficiency improvement programs. To implement the action 
plan, the following steps should be considered: 

 

1. Create a communication plan: Develop targeted information for key audiences about 
the energy efficiency action plan 

2. Raise awareness: Build support for all levels of the organization for energy efficiency 
initiatives and goals. 

3. Build capacity: Through training, access to information, and transfer of successful 
practices, and procedures to expand the capacity of the plant staff. 

4. Motivate: Create incentives that encourage staff to improve energy performance to 
achieve goals. 

5. Track and monitor: Use the tracking system developed as part of the action plan to track 
and monitor progress regularly. 

 
Evaluate Progress: 
Plant managers can evaluate the progress of their activities using energy data and a review of 
the activities taken as part of the action plan, comparing them to the established goals. This 
review can be used to revise the action plan and see the lessons learned. Regular evaluation of 
energy performance and the effectiveness of energy-efficiency initiatives also allows energy 
managers to: 

• Measure the effectiveness of projects and programs implemented 

                                                 
15 This section is excerpted from US EPA (2007b), unless different source is given. 
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• Make informed decisions about future energy projects 
• Reward individuals and teams for accomplishments 
• Document additional savings opportunities as well as non-quantifiable benefits that can 

be leveraged for future initiatives (US EPA, 2007b). 
 
It worth highlighting the fact that a company needs to have an energy management program to 
be able to fully benefit from the energy audit results and to have sustainable energy efficiency 
improvement. If it does not have an energy management program, the audit will likely be a 
one-time event, and the implementation rate of the audit recommendations will be low. For 
more information on energy management program read US EPA (2007b). 
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Acronyms  
 
APO    Asian Productivity Organization 
ASME   American Society of Mechanical Engineers 
BAT   Best Available Technique 
BEE    Bureau of Energy Efficiency-India 
BEST   Benchmarking and Energy Savings Tool  
BREF   BAT Reference document 
CIPEC   Canadian Industry Program for Energy Conservation  
CO2   carbon dioxide  
CRES    Centre for Renewable Energy Sources 
DOE   Department of Energy 
EAP    Energy Audit Program  
EI   energy intensity  
EPA   Environmental Protection Agency 
GJ   gigajoules 
IRR    Internal Rate of Return  
ITP   Industrial Technologies Program 
KW    kilowatt 
kWh   kilowatt-hour  
LBNL   Lawrence Berkeley National Laboratory 
LCC    life cycle cost  
LCCA   life-cycle cost analysis  
LF    load factor  
NPV    net present value  
Ptm   PusatTenaga Malaysia 
SIR    savings-to-investment ratio  
SMEs   small-and-medium enterprises  
SPP    simple payback period  
TJ   terajoule 
UPV    uniform present value  
UPV*   uniform present value modified for price escalation  
UPVe* uniform present modifiedvaluemodified for price escalation for use with 

energy costs  



 

58 
 

References 
 

Alesson, T. , 1995. All Steam Traps Are Not Equal.  Hydrocarbon Processing 74. 

Asian Productivity Organization (APO), 2008.Working manual on energy auditing in industry. 
Available at: http://www.apo-tokyo.org/00e-books/GP-
13_WorkingManualEnergy.htmhttp://www.apo-tokyo.org/00e-books/GP-
13_WorkingManualEnergy.htmhttp://www.apo-tokyo.org/00e-books/GP-
13_WorkingManualEnergy.htm 

American Society of Mechanical Engineers (ASME), 2009a. Energy Assessment for Steam 
Systems. Available at: 
http://catalog.asme.org/Codes/PrintBook/EA3_2009_Energy_Assessment.cfm 

American Society of Mechanical Engineers (ASME), 2009b. Energy Assessment for Pumping 
Systems. Available at: 
http://catalog.asme.org/Codes/PrintBook/EA2_2009_Energy_Assessment.cfm 

American Society of Mechanical Engineers (ASME),  2009c. Energy Assessment for Process 
Heating Systems. Available at: 
http://catalog.asme.org/Codes/PrintBook/EA1_2009_Energy_Assessment.cfm 

American Society of Mechanical Engineers (ASME),  2010. Energy Assessment for Compressed 
air Systems. Available at: 
http://catalog.asme.org/Codes/PrintBook/EA4_2010_Energy_Assessment.cfm 

Austrian Energy Agency, 2007. “Step by step guidance for the implementation of energy 
management.” Benchmarking and Energy Management Schemes in SMEs Project of 
Intelligent Energy – Europe. Available at: http://www.iee-
library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%
3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48http://ww
w.iee-
library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%
3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48http://ww
w.iee-
library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%
3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48 

Barnish, T. J., M. R. Muller, and D. J. Kasten., 1997. “Motor Maintenance: A Survey of 
Techniques and Results”. Proceedings of the 1997 ACEEE Summer Study on Energy 
efficiency in Industry. American Council for an Energy-Efficient Economy, Washington, 
D.C. 

Best Practice Programme, 1996. Good Practice Case Study 300: Energy Savings by Reducing the 
Size of a Pump Impeller. Available at http://www.carbontrust.co.uk/default.htm 

http://www.apo-tokyo.org/00e-books/GP-13_WorkingManualEnergy.htm�
http://www.apo-tokyo.org/00e-books/GP-13_WorkingManualEnergy.htm�
http://www.apo-tokyo.org/00e-books/GP-13_WorkingManualEnergy.htm�
http://www.apo-tokyo.org/00e-books/GP-13_WorkingManualEnergy.htm�
http://www.apo-tokyo.org/00e-books/GP-13_WorkingManualEnergy.htm�
http://catalog.asme.org/Codes/PrintBook/EA3_2009_Energy_Assessment.cfm�
http://catalog.asme.org/Codes/PrintBook/EA3_2009_Energy_Assessment.cfm�
http://catalog.asme.org/Codes/PrintBook/EA3_2009_Energy_Assessment.cfm�
http://catalog.asme.org/Codes/PrintBook/EA3_2009_Energy_Assessment.cfm�
http://catalog.asme.org/Codes/PrintBook/EA3_2009_Energy_Assessment.cfm�
http://catalog.asme.org/Codes/PrintBook/EA3_2009_Energy_Assessment.cfm�
http://catalog.asme.org/Codes/PrintBook/EA3_2009_Energy_Assessment.cfm�
http://catalog.asme.org/Codes/PrintBook/EA3_2009_Energy_Assessment.cfm�
http://www.iee-library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48�
http://www.iee-library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48�
http://www.iee-library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48�
http://www.iee-library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48�
http://www.iee-library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48�
http://www.iee-library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48�
http://www.iee-library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48�
http://www.iee-library.eu/index.php?option=com_jombib&task=showbib&id=1013&return=index.php%3Foption%3Dcom_jombib%26amp%3BItemid%3D30%26amp%3Bcatid%3D48�
http://www.carbontrust.co.uk/default.htm�


 

59 
 

Bloss, D., R. Bockwinkel, and N. Rivers, 1997. “Capturing Energy Savings with Steam Traps.” Proc. 
1997 ACEEE Summer Study on Energy efficiency in Industry, ACEEE, Washington DC, USA.  

Bureau of Energy Efficiency-India (BEE), 2008.General Aspect of Energy Management and 
Energy Audit- Chapter 3.Energy management and audit. Available at: http://www.bee-
india.nic.in/index.php?module=tri&id=4http://www.bee-
india.nic.in/index.php?module=tri&id=4http://www.bee-
india.nic.in/index.php?module=tri&id=4 

Caffal, C., 1995. Energy Management in Industry. Centre for the Analysis and Dissemination of 
Demonstrated Energy Technologies (CADDET), Sittard, the Netherlands.  

California Energy Commission, 2000“.“Energy Accounting: A Key Tool in Managing Energy Costs.” 
Available at: 
http://www.energy.ca.gov/reports/efficiency_handbooks/index.htmlhttp://www.energy
.ca.gov/reports/efficiency_handbooks/index.htmlhttp://www.energy.ca.gov/reports/effi
ciency_handbooks/index.html 

Canadian Industry Program for Energy Conservation (CIPEC), 2002.Energy Efficiency Planning 
and Management Guide. Available at: 
http://oee.nrcan.gc.ca/publications/infosource/pub/cipec/Managementguide_E.pdfhttp
://oee.nrcan.gc.ca/publications/infosource/pub/cipec/Managementguide_E.pdfhttp://o
ee.nrcan.gc.ca/publications/infosource/pub/cipec/Managementguide_E.pdf 

Canadian Industry Program for Energy Conservation (CIPEC), 2007. “TEAM UP FOR ENERGY 
SAVINGS-Fans and Pumps.” Available at: 
http://faq.rncan.gc.ca/publications/infosource/home/index.cfm?act=online&id=5716&f
ormat=PDF&lang=01http://faq.rncan.gc.ca/publications/infosource/home/index.cfm?ac
t=online&id=5716&format=PDF&lang=01http://faq.rncan.gc.ca/publications/infosource/
home/index.cfm?act=online&id=5716&format=PDF&lang=01 

Canadian Industry Program for Energy Conservation (CIPEC), 2009.Energy Savings Toolbox – an 
Energy Audit Manual and Tool. Available at: 
http://www.oee.nrcan.gc.ca/publications/infosource/pub/cipec/energy-audit-manual-
and-tool.pdfhttp://www.oee.nrcan.gc.ca/publications/infosource/pub/cipec/energy-
audit-manual-and-
tool.pdfhttp://www.oee.nrcan.gc.ca/publications/infosource/pub/cipec/energy-audit-
manual-and-tool.pdf 

Canadian Industry Program for Energy Conservation (CIPEC), 2009b.Energy benchmarking and 
best practices guidebooks. Available at: 
http://oee.nrcan.gc.ca/publications/infosource/home/index.cfm?act=searchhttp://oee.
nrcan.gc.ca/publications/infosource/home/index.cfm?act=searchhttp://oee.nrcan.gc.ca/
publications/infosource/home/index.cfm?act=search 

http://www.bee-india.nic.in/index.php?module=tri&id=4�
http://www.bee-india.nic.in/index.php?module=tri&id=4�
http://www.bee-india.nic.in/index.php?module=tri&id=4�
http://www.bee-india.nic.in/index.php?module=tri&id=4�
http://www.bee-india.nic.in/index.php?module=tri&id=4�
http://www.energy.ca.gov/reports/efficiency_handbooks/index.html�
http://www.energy.ca.gov/reports/efficiency_handbooks/index.html�
http://www.energy.ca.gov/reports/efficiency_handbooks/index.html�
http://www.energy.ca.gov/reports/efficiency_handbooks/index.html�
http://oee.nrcan.gc.ca/publications/infosource/pub/cipec/Managementguide_E.pdf�
http://oee.nrcan.gc.ca/publications/infosource/pub/cipec/Managementguide_E.pdf�
http://oee.nrcan.gc.ca/publications/infosource/pub/cipec/Managementguide_E.pdf�
http://oee.nrcan.gc.ca/publications/infosource/pub/cipec/Managementguide_E.pdf�
http://faq.rncan.gc.ca/publications/infosource/home/index.cfm?act=online&id=5716&format=PDF&lang=01�
http://faq.rncan.gc.ca/publications/infosource/home/index.cfm?act=online&id=5716&format=PDF&lang=01�
http://faq.rncan.gc.ca/publications/infosource/home/index.cfm?act=online&id=5716&format=PDF&lang=01�
http://faq.rncan.gc.ca/publications/infosource/home/index.cfm?act=online&id=5716&format=PDF&lang=01�
http://faq.rncan.gc.ca/publications/infosource/home/index.cfm?act=online&id=5716&format=PDF&lang=01�
http://www.oee.nrcan.gc.ca/publications/infosource/pub/cipec/energy-audit-manual-and-tool.pdf�
http://www.oee.nrcan.gc.ca/publications/infosource/pub/cipec/energy-audit-manual-and-tool.pdf�
http://www.oee.nrcan.gc.ca/publications/infosource/pub/cipec/energy-audit-manual-and-tool.pdf�
http://www.oee.nrcan.gc.ca/publications/infosource/pub/cipec/energy-audit-manual-and-tool.pdf�
http://www.oee.nrcan.gc.ca/publications/infosource/pub/cipec/energy-audit-manual-and-tool.pdf�
http://oee.nrcan.gc.ca/publications/infosource/home/index.cfm?act=search�
http://oee.nrcan.gc.ca/publications/infosource/home/index.cfm?act=search�
http://oee.nrcan.gc.ca/publications/infosource/home/index.cfm?act=search�
http://oee.nrcan.gc.ca/publications/infosource/home/index.cfm?act=search�


 

60 
 

Centre for the Analysis and Dissemination of Demonstrated Energy Technologies (CADDET),, 
1993. Energy efficiency in a carpet mill. Available at: 
http://oee.nrcan.gc.ca/publications/infosource/pub/ici/caddet/english/pdf/R138.pdf 

Centre for the Analysis and Dissemination of Demonstrated Energy Technologies (CADDET), 
1997. Saving Energy with Efficient Compressed Air Systems. Maxi Brochure 06, Sittard, 
The Netherlands.  

Centre for the Analysis and Dissemination of Demonstrated Energy Technologies (CADDET), 
2001. Saving energy with Steam Production and Distribution. Centre for the Analysis and 
Dissemination of Demonstrated Energy Technologies. Maxi Brochure 13, Sittard, The 
Netherlands. Available at: www.caddet.org. 

Centre for Renewable Energy Sources (CRES), 2000. Energy Audit Guide – Part A: Methodologies 
and Techniques. Available at: 
http://www.cres.gr/kape/pdf/download/guide_a_uk.pdfhttp://www.cres.gr/kape/pdf/d
ownload/guide_a_uk.pdfhttp://www.cres.gr/kape/pdf/download/guide_a_uk.pdf 

Cergel, Y.A., B.G. Shiva Prasad, R.H. Turner, RH and Y. Cerci, 2000. “Reduce compressed air 
costs.” Hydrocarbon Processing, December 2000, pp. 57-64. 

Canadian Industry Program for Energy Conservation (CIPEC), 2001. Boilers and Heaters, 
Improving Energy-efficiency. Natural Resources Canada, Office of Energy-efficiency, 
Ottawa, Ontario, Canada. 

Copper Development Association (CDA), 2001. High-Efficiency Copper-Wound Motors Mean 
Energy and Dollar Savings. Available at http://energy.copper.org/motorad.html. 

Consortium for Energy efficiency (CEE), 2007. Motor Planning Kit, Version 2.1. Boston, MA. 

Easton Consultants, 1995. Strategies to Promote Energy-Efficient Motor Systems in North 
America’s OEM Markets. Easton Consultant Inc., Stamford, Connecticut, USA. 

Efficiency Partnership, 2004. Industrial Product Guide – Manufacturing and Processing 
Equipment: Motors. Flex Your Power, San Francisco, California. 

 

Electric Apparatus Service Association (EASA), 2003. The Effect of Repair/Rewinding on Motor 
Efficiency.  

Electric Apparatus Service Association (EASA), 2006. ANSI/EASA Standard AR100-2006. 
Recommended Practice for the Repair of Rotating Electrical Apparatus.  

European Commission, 2009.Reference documents of best available technologies. Available at: 
http://eippcb.jrc.es/reference/http://eippcb.jrc.es/reference/http://eippcb.jrc.es/refere
nce/ 

http://www.caddet.org/�
http://www.cres.gr/kape/pdf/download/guide_a_uk.pdf�
http://www.cres.gr/kape/pdf/download/guide_a_uk.pdf�
http://www.cres.gr/kape/pdf/download/guide_a_uk.pdf�
http://energy.copper.org/motorad.html�
http://eippcb.jrc.es/reference/�
http://eippcb.jrc.es/reference/�
http://eippcb.jrc.es/reference/�
http://eippcb.jrc.es/reference/�


 

61 
 

Fuller, S.K. and Petersen, S.R., 1996. Life-cycle cost manual for the federal energy management 
program. U.S. National Institute of Standards and Technology. Available at: 
www.bfrl.nist.gov/oae/publications/handbooks/135.pdfwww.bfrl.nist.gov/oae/publicati
ons/handbooks/135.pdfwww.bfrl.nist.gov/oae/publications/handbooks/135.pdf 

Greer, L.; Egan Keane, S.; Lin, Z., 2010. NRDC’s Ten Best Practices for Textile Mills to Save 
Money and Reduce Pollution. Available at: 
http://www.nrdc.org/international/cleanbydesign/files/rsifullguide.pdf 

Hackett, B., Chow, S., and A.R. Ganji, 2005. “Energy-efficiency Opportunities in Fresh Fruit and 
Vegetable Processing/Cold Storage Facilities.” Proceedings of the 2005 ACEEE Summer 
Study on Energy efficiency in Industry, American Council for an Energy-Efficient Economy, 
Washington, D.C. 

Heijkers, C., E. Zeemering and W. Altena, 2000. “Consider Variable-Speed, Motor-Driven 
Compressors in Refrigeration Units.” Hydrocarbon Processing, 8, 79, pp.61-64 (August 
2000). 

Hooke, J.H.; Landry, B.J.; Hart, D., 2003.Energy Management Information Systems. Available at: 
http://oee.nrcan.gc.ca/Publications/industrial/EMIS/EMIS_eng.pdfhttp://oee.nrcan.gc.c
a/Publications/industrial/EMIS/EMIS_eng.pdfhttp://oee.nrcan.gc.ca/Publications/indust
rial/EMIS/EMIS_eng.pdf 

Hovstadius, G., 2002. Personal communication with Gunnar Hovstadius of  ITT Fluid Technology 
Corporation.  

Hydraulic Institute, 1994. Efficiency Prediction Method for Centrifugal Pumps. Parsippany, New 
Jersey, USA.  

Hydraulic Institute and Europump, 2001. Pump Life Cycle Costs: A Guide to LCC Analysis for 
Pumping Systems. Parsippany, New Jersey, USA.   

Ingersoll-Rand, 2001. Air Solutions Group—Compressed Air Systems Energy Reduction Basics. 
Available at http://www.air.ingersoll-rand.com/NEW/pedwards.htm. June 2001.  

Jones, T. , 1997. “Steam Partnership:  Improving Steam Efficiency Through Marketplace 
Partnerships”. Proc. 1997 ACEEE Summer Study on Energy efficiency in Industry, ACEEE, 
Washington DC, USA. 

Johnston, B., 1995. “5 Ways to Greener Steam”. The Chemical Engineer, 594, pp. 24-27 (August).  

Lanham, G., 2007. “4 factors to lower energy costs,” Metal Producing & Processing Jan./Feb. 
2007, Vol. 45 Issue 5, p8-8. 

Lawrence Berkeley National Laboratory (LBNL), 2007.BEST-Winery: Benchmarking and Energy 
and Water Efficiency Savings Tool. Available at: http://best-winery.lbl.gov/http://best-
winery.lbl.gov/http://best-winery.lbl.gov/ 

http://www.bfrl.nist.gov/oae/publications/handbooks/135.pdf�
http://www.bfrl.nist.gov/oae/publications/handbooks/135.pdf�
http://www.bfrl.nist.gov/oae/publications/handbooks/135.pdf�
http://oee.nrcan.gc.ca/Publications/industrial/EMIS/EMIS_eng.pdf�
http://oee.nrcan.gc.ca/Publications/industrial/EMIS/EMIS_eng.pdf�
http://oee.nrcan.gc.ca/Publications/industrial/EMIS/EMIS_eng.pdf�
http://oee.nrcan.gc.ca/Publications/industrial/EMIS/EMIS_eng.pdf�
http://www.air.ingersoll-rand.com/NEW/pedwards.htm.%20June%202001�
http://best-winery.lbl.gov/�
http://best-winery.lbl.gov/�
http://best-winery.lbl.gov/�


 

62 
 

Lawrence Berkeley National Laboratory (LBNL), 2009.Sector Assessments reports. Industrial 
Energy Analysis. Available at: http://industrial-energy.lbl.gov/node/96http://industrial-
energy.lbl.gov/node/96http://industrial-energy.lbl.gov/node/96 

Lawrence Berkeley National Laboratory and Energy Research Institute (LBNL & ERI), 2008.BEST-
Cement for China. Benchmarking tool for cement industry: the tool and handbook. 
Available at: http://china.lbl.gov/research/industry/benchmarking/best-cement/best-
cement-chinahttp://china.lbl.gov/research/industry/benchmarking/best-cement/best-
cement-chinahttp://china.lbl.gov/research/industry/benchmarking/best-cement/best-
cement-china 

Morvay, Z.K. and Gvozdenac, D.D., 2008. Applied Industrial Energy and Environmental 
management. John Wiley & Sons Ltd. UK. 

Moss, K.J., 2006.Energy management in Buildings. Taylor & Francis, New York, USA. 

Nadel, S., R. N. Elliott, M. Shepard, S. Greenberg, G. Katz and A. T. de Almeida, 2002. Energy-
efficient Motor Systems: A Handbook on Technology, Program, and Policy. 

Oland, C.B., 2004. Guide to combine heat and power systems for boiler owners and operators, 
Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA. Available at 
http://www1.eere.energy.gov/industry/bestpractices 

 

Parekh, P., 2000. “Investment Grade Compressed Air System Audit, Analysis and Upgrade.” In: 
Twenty-second National Industrial Energy Technology Conference Proceedings. Houston, 
Texas, USA. April 5-6: pp. 270-279. 

Phylipsen, D., Blok, K., Worrell, E., de Beer, J., 2002. “Benchmarking the energy efficiency of 
Dutch industry: an assessment of the expected effect on energy consumption and CO2  
emissions.”Energy Policy 30 (2002) 663–679. 

Radgen, P. and E. Blaustein, 2001. Compressed Air Systems in the European Union, Energy, 
Emissions, Savings Potential and Policy Actions. Fraunhofer Institute, Karlsruhe, Germany. 

Schmidt, M., 2008.The Sankey Diagram in Energy and Material Flow Management. Part I: 
History. Journal of Industrial Ecology.Volume 12, Number 1. 

Studebaker, P., 2007. 2007 Best Practice Award Winners. Plant Services, February 2007. 

TenagaPusatTenaga Malaysia (Ptm), 2009.Introduction to Benchmarking and its Tools. 
Malaysian Industrial Energy Efficiency Improvement Project (MIEEIP). Available at: 
http://www.ptm.org.my/mieeip/pdf/ebenchmarking.pdfhttp://www.ptm.org.my/mieei
p/pdf/ebenchmarking.pdfhttp://www.ptm.org.my/mieeip/pdf/ebenchmarking.pdf 

Turner, W.C. and Doty, S., 2007. Energy Management Handbook (sixth edition). Fairmont Press, 
Inc. USA. 

http://industrial-energy.lbl.gov/node/96�
http://industrial-energy.lbl.gov/node/96�
http://industrial-energy.lbl.gov/node/96�
http://china.lbl.gov/research/industry/benchmarking/best-cement/best-cement-china�
http://china.lbl.gov/research/industry/benchmarking/best-cement/best-cement-china�
http://china.lbl.gov/research/industry/benchmarking/best-cement/best-cement-china�
http://china.lbl.gov/research/industry/benchmarking/best-cement/best-cement-china�
http://china.lbl.gov/research/industry/benchmarking/best-cement/best-cement-china�
http://www1.eere.energy.gov/industry/bestpractices�
http://www.ptm.org.my/mieeip/pdf/ebenchmarking.pdf�
http://www.ptm.org.my/mieeip/pdf/ebenchmarking.pdf�
http://www.ptm.org.my/mieeip/pdf/ebenchmarking.pdf�


 

63 
 

Tutterow, V., 1999. Energy efficiency in Pumping Systems: Experience and Trends in the Pulp 
and Paper Industry. American Council for an Energy-efficient Economy (ACEEE). 

Tutterow, V., D. Casada and A. McKane, 2000. “Profiting from your Pumping System.” In 
Proceedings of the Pump Users Expo 2000. September. Louisville, Kentucky, USA. Pumps 
& Systems Magazine, Randall Publishing Company.  

U.S. DOE, 1996. Reducing Power Factor Cost. U.S. Department of Energy, Motor 
ChallengeProgram. September 1996. 

U.S. DOE, 1998. Improving Compressed Air System Performance, a Sourcebook for Industry. 
Prepared for the U.S. Department of Energy, Motor Challenge Program by  Lawrence 
Berkeley National Laboratory (LBNL) and Resource Dynamics Corporation (RDC).  

U.S. DOE, 1999. Improving Pumping System Performance: A Sourcebook for Industry. Prepared 
for the U.S. Department of Energy, Motor Challenge Program by  Lawrence Berkeley 
National Laboratory (LBNL) and Resource Dynamics Corporation (RDC).  

U.S. Department of Energy’s Building Technologies Program (US DOE BTP), 2009. Available at: 
http://www1.eere.energy.gov/buildings/technologies.htmlhttp://www1.eere.energy.go
v/buildings/technologies.htmlhttp://www1.eere.energy.gov/buildings/technologies.htm
l 

http://www1.eere.energy.gov/industry/saveenergynow/assessments.html 

U.S. Department of Energy’s Industrial Technologies Program (US DOE ITP), 2004, Improving 
Process Heating System Performance- A Sourcebook for Industry. Available at: 
www1.eere.energy.gov/industry/.../pdfs/proc_heat_sourcebook.pdf 

U.S. Department of Energy’s Industrial Technologies Program (US DOE ITP), 2008, Quick Plant 
Energy Profiler/Integrated Tool Suite. Available at: 
http://www1.eere.energy.gov/industry/bestpractices/software_quickpep.html 

U.S. DOE-IAC, 2006. Industrial Assessment Center (IAC) Database. Department of Energy, 
Washington, DC, USA. Available at: http://iac.rutgers.edu/database/index.php 

U.S. DOE-ITP EM, 2008. Energy Matters, winter issue 2008, U.S. Department of Energy, 
Industrial Technologies Program, Energy Matters, Available at: 
http://apps1.eere.energy.gov/industry/bestpractices/energymatters/ 

U.S. DOE-OIT, 2001. Steam Cost Reduction Strategies; Reducing your steam system energy bill. 
U.S. Department of Energy, Washington, DC, USA. Available at: 
http://www1.eere.energy.gov/industry/ 

U.S. DOE-OIT, 2002. Pumps: Cost Reduction Strategies. Office of Industrial Technologies U.S. 
Department of Energy, Washington, DC, USA. Available at: 
http://www1.eere.energy.gov/industry/ 

http://www1.eere.energy.gov/buildings/technologies.html�
http://www1.eere.energy.gov/buildings/technologies.html�
http://www1.eere.energy.gov/buildings/technologies.html�
http://www1.eere.energy.gov/buildings/technologies.html�
http://www1.eere.energy.gov/industry/saveenergynow/assessments.html�
http://iac.rutgers.edu/database/index.php�
http://apps1.eere.energy.gov/industry/bestpractices/energymatters/�
http://www1.eere.energy.gov/industry/�
http://www1.eere.energy.gov/industry/�


 

64 
 

U.S. DOE-OIT, 2005. Pumping Systems Tip Sheets, January 2006. Industrial technologies 
Program, Office of Industrial Technologies, U.S. Department of Energy, Washington, DC, 
USA. 

U.S. DOE-OIT, 2005b. Energy Tips: Estimate Voltage Unbalance. Information Sheet. Office of 
Industrial Technologies, Washington, DC. Motor Systems Tip Sheet #7. 

U.S. DOE-OIT, 2006. Steam Tip Sheets, January 2006. Industrial technologies Program, Office of 
Industrial Technologies, U.S. Department of Energy, Washington, DC, USA. Available at:  
http://www1.eere.energy.gov/industry/bestpractices 

U.S. DOE-OIT, 2007. Steam Tip Sheets, August 2007. Industrial technologies Program, Office of 
Industrial Technologies U.S. Department of Energy, Washington, DC, USA. Available at: 
http://www1.eere.energy.gov/industry/bestpractices 

U.S. Environmental Protection Agency (US EPA), 2007a, Lean and Energy Toolkit. Available at: 
http://www.epa.gov/lean/toolkit/LeanEnergyToolkit.pdf 

U.S. Environmental Protection Agency (US EPA), 2007b, Guidelines for Energy Management. 
EnergyStar Program. Available at: 
http://www.energystar.gov/index.cfm?c=guidelines.guidelines_indexhttp://www.energy
star.gov/index.cfm?c=guidelines.guidelines_indexhttp://www.energystar.gov/index.cfm
?c=guidelines.guidelines_index 

U.S. Environmental Protection Agency (US EPA), 2008a, “Plant Energy Performance 
Indicator.”Energy Star Program. Available at: 
http://www.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#planthttp://ww
w.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#planthttp://www.energys
tar.gov/index.cfm?c=in_focus.bus_industries_focus#plant 

U.S. Environmental Protection Agency (US EPA), 2008b, “Energy Guide- Opportunities for 
Improving Energy Efficiency in a Focus Industry.”Energy Star Program. Available at: 
http://www.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#planthttp://ww
w.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#planthttp://www.energys
tar.gov/index.cfm?c=in_focus.bus_industries_focus#plant 

U.S. Environmental Protection Agency (US EPA), 2008c“.“Benchmarking to save energy - Protect 
Our Environment through Energy Efficiency.”Energy Star Program. Available at: 
www.energystar.gov/ia/.../Benchmarking_to_Save_Energy.pdfwww.energystar.gov/ia/..
./Benchmarking_to_Save_Energy.pdfwww.energystar.gov/ia/.../Benchmarking_to_Save
_Energy.pdf 

United Nations Environmental Program (UNEP), 2006.Energy Efficiency Guide for Industry in 
Asia. Available at: www.energyefficiencyasia.org 

Van de Ruit, H., 2000. “Improve Condensate Recovery Systems.” Hydrocarbon Processing, 12, 
79 pp.47-53 (December 2000). 

http://www1.eere.energy.gov/industry/bestpractices�
http://www.energystar.gov/index.cfm?c=guidelines.guidelines_index�
http://www.energystar.gov/index.cfm?c=guidelines.guidelines_index�
http://www.energystar.gov/index.cfm?c=guidelines.guidelines_index�
http://www.energystar.gov/index.cfm?c=guidelines.guidelines_index�
http://www.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#plant�
http://www.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#plant�
http://www.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#plant�
http://www.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#plant�
http://www.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#plant�
http://www.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#plant�
http://www.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#plant�
http://www.energystar.gov/index.cfm?c=in_focus.bus_industries_focus#plant�
http://www.energystar.gov/ia/.../Benchmarking_to_Save_Energy.pdf�
http://www.energystar.gov/ia/.../Benchmarking_to_Save_Energy.pdf�
http://www.energystar.gov/ia/.../Benchmarking_to_Save_Energy.pdf�
http://www.energystar.gov/ia/.../Benchmarking_to_Save_Energy.pdf�
http://www.energyefficiencyasia.org/�


 

65 
 

World Bank, 1998.Handbook on Economic Analysis of Investment Operations. Washington, DC: 
The World Bank. Available at: 
http://www.worldbank.org/education/economicsed/project/projwork/Handbook.pdf 

Worrell, E., Bode, J.W. , and De Beer, J.G., 1997. Energy-efficient Technologies in Industry 
(ATLAS project for the European Commission), Utrecht University, Utrecht, the 
Netherlands.  

Worrell, E. and Galitsky, C., 2004. Energy-efficiency improvement opportunities for cement 
making. An ENERGY STAR Guide for Energy and Plant Managers.  Report No. 54036, 
Berkeley, CA: Lawrence Berkeley National Laboratory. Available at: 
http://industrialenergy.lbl.gov/node/324/print 

Worrell, E.; Blinde, P.; Neelis, M.; Blomen, E.; Masanet, E., 2010. Energy-efficiency Improvement 
and Cost Saving Opportunities for the U.S. Iron and Steel Industry. An ENERGY STAR 
Guide for Energy and Plant Managers. (Report In Press) 

Xenergy, 1998. United States Industrial Electric Motor Systems Market Opportunities 
Assessment. Prepared by Xenergy Inc. for U.S. Department of Energy’s Office of Industrial 
Technology and Oak Ridge National Laboratory.  

 

 

http://www.worldbank.org/education/economicsed/project/projwork/Handbook.pdf�


 

66 
 

Appendixes 
 
Appendix 1. Conversion factors 

Table A-1. Conversion factors 
To convert from To Multiply by 

grams (g) metric tonnes (t) 1 X 10 -6 
kilograms (kg) metric tonnes (t) 1 X 10 -3 
megagrams metric tonnes (t) 1 
gigagrams metric tonnes (t) 1 X 10 3 
pounds (lb) metric tonnes (t) 4.5359 X 10 -4 
tons (long) metric tonnes (t) 1.016 
tons (short) metric tonnes (t) 0.9072 
barrels (petroleum, US) cubic metres (m 3) 0.15898 
cubic feet (ft 3) cubic metres (m 3) 0.028317 
litres cubic metres (m 3) 1 X 10 -3 
cubic yards cubic meters (m 3)  0.76455 
gallons (liquid, US) cubic meters (m 3)  3.7854 X 10 -3 
imperial gallon  cubic meters (m 3)  4.54626 X 10 -3 
joule gigajoules (GJ) 1 X 10 -9 
kilojoule gigajoules (GJ) 1 X 10 -6 
megajoule gigajoules (GJ) 1 X 10 -3 
terajoule (TJ) gigajoules (GJ) 1 X 10 3 
Btu  gigajoules (GJ) 1.05506 X 10 -6 
calories gigajoules (GJ) 4.187 X 10 -6 
tonne oil equivalent (toe) gigajoules (GJ) 4.22887 X 10 -3 
kWh gigajoules (GJ) 3.6 X 10 -3 
Btu / ft 3 GJ / m 3 3.72589 X 10 -5 
Btu / lb GJ / metric tonnes 2.326 X 10 -3 
lb / ft 3 metric tonnes / m 3 1.60185 X 10 -2 
psi bar 0.0689476 
kgf / cm 3 (tech atm) bar 0.980665 
atm bar 1.01325 
mile (statue) kilometer 1.6093 
tonne CH4 tonne CO2 equivalent 21 
tonne N2O tonne CO2 equivalent 310 
tonne carbon tonne CO2 3.664 
Source: UNEP, 2006.  
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Appendix 2. Energy audit instruments16

 
 

A.2.1. Safety considerations 
An energy audit of an industrial plant requires working on-site, close to utility and production 
machinery. Safety considerations are a very important part of any industrial energy audit. The 
audit team should be thoroughly briefed on safety equipment and procedures and should never 
put themselves in a dangerous situation while conducting the audit. Auditors should be 
extremely careful making any measurement on electrical systems or high temperature devices 
such as boilers, heaters, etc. Electrical or asbestos gloves should be worn as appropriate.  
 
The auditors should also be very careful when examining any operating piece of equipment, 
especially those with open drive shafts, belts or gears, or any form of rotating machinery. The 
equipment operator or supervisor should be notified that the auditor is going to look at the 
equipment and might need to get information from some parts of the machine. The auditor 
should never approach a piece of equipment and inspect it without the operator or supervisor 
being notified in advance (Turner and Doty 2007). A safety checklist can be itemized as follows: 
 
Electrical 

• Avoid working on live circuits if possible. 
• Securely lock off circuits and switches before working on a piece of equipment. 
• Always try to keep one hand in your pocket while making measurements on live circuits 

to help prevent cardiac arrest. 
 
Respiratory 

• When necessary, wear a full face respirator mask with adequate filtration particle size. 
• Use activated carbon cartridges in the mask when working around low concentrations of 

noxious gases. Change the cartridges on a regular basis. 
• Use a self-contained breathing apparatus for work in toxic environment 

 
Hearing 

• Use foam insert plugs while working around loud machinery to reduce sound levels to 
30 decibels. 

 
A.2.2. Measuring electrical parameters 
 
For measuring the electrical parameters the following instrumentation are included: 

1. Ammeter: measures the current absorbed by motors/machines. 
2. Voltmeter: measures the voltage or voltage drop in the grid or electrical circuits. 
3. Watt-meter: measures instant power demand of motors/ machines or the power 

performance of generators. 
4. Cosö-meter: measures the power factor or monitors the rectification devices. 

                                                 
16 This section is excerpted from CRES (2000), unless different source is given. 
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5. Multi-meter: measures all the above quantities and some other quantities (e.g. 
frequency, reactivity, phase angle, etc)  

 
All of the above instruments are usually portable. They are connected to the wiring with the use 
of nippers and they could feature a data-logger (Figure A-1). Measurements of electrical power 
and energy consumption should be made on all energy-intensive areas and installations.  
 
During the measurement of all the above quantities, the total 
power (metered in kVA) and the active power (usually 
metered in kW) should be distinguished. Care is also needed 
with electrical loads that are not expected to present a 
sinusoidal waveform, like variable speed drives (VSDs). 
Common measuring instrumentation is based on a sinusoidal 
waveform, which gives incorrect readings for VSDs. In such 
cases, the use of meters measuring real RMS (Root Mean 
Square) values is necessary. The function of such meters is 
based on digital sampling.        
 
Measurement of electrical parameters requires use of a complex instrument called a power 
analyzer. After the instrument’s proper connection to the electrical panel of machinery or the 
substation under examination, measurement readings are presented on its display, which 
include instantaneous and programmable duration measurements for each phase and for the 
total voltage, current, apparent reactive and active power, cosö and energy consumption. The 
instantaneous measurements are repeated every 20 seconds (CRES, 2000). 
 
A.2.3. Temperature measurement 
 
The most common temperature measuring technologies include: 
a) Resistance Thermometer Detectors (RTD): One of the most technologically-advanced 

instruments with internal signals for calibration and resetting and a high level of accuracy. 
b) Thermocouples: Widely used and not expensive, covering a wide range of temperatures, 

from a few degrees up to 1000 °C and are usually portable. They need frequent calibration 
with specialized instruments. Their main disadvantage is that they have a weak signal, easily 
affected by industrial noise. 

c) Thermistors: Used as permanent meters and are of low cost and have an automatic resetting 
capability.  

d) Infrared thermometers: Measure temperatures from a distance by sensing the thermal 
radiation. They sense “hot-spots” and insulation problem areas. Portable and easy to use, but 
with limited accuracy.  

 
Infrared thermometers are becoming more common in industry. The infrared camera (Figure A-
2) is equipped with a sensor which converts the infrared radiation from the surface to voltage 
difference and through appropriate software converts the voltage difference to an image 
having a color spectrum corresponding to radiation levels. 

 
Figure A-1. A clamp-on 
multi-meter (UNEP 2006) 
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Before auditing the heating systems (e.g. boilers), the 
equipment should operate at its normal temperatures, 
so that data coming from the measurements can be 
the representative of actual performance. The camera 
should operate for about 5 minutes before any 
measurements are taken, to ensure that the automatic 
self-calibration is completed. In order to determine the 
heat losses from the building’s shell, as well as the 
locations where insulation is degrading, the indoor 
temperature should be higher than the outdoor 
temperature. Thus, a cold and cloudy day should be 
chosen in order to avoid the heating effect on walls by 
incident radiation (CRES, 2000). 
 
A.2.4. Flow measurements 
 
To estimate heat flow through a fluid, it is necessary to measure its flux (mass or volume). Such 
measurements typically include air and liquid fuel, steam and hot or cold water, or airflow 
measurements. Combining a measurement of temperature difference with flow measurement 
allows for the measurement of the thermal and energy flows. The meter should be carefully 
selected, taking into account the fluid type, any diluted and corrosive substances, the speed 
range and the relevant costs. Flow-metering sensors can be classified as follows: 

• Differential pressure meters (of perforated diaphragm, Venturi or Pitot tube type) 
• Interference meters (of variable cross section, positive shift, eddy or vortex metering 

type) 
• Non-interference meters (of ultrasonic or magnetic meter type) 
• Mass meters (of Coriolis or angular momentum type) 

 
Pitot tubes are usually accompanied with an electric manometer 
for speed measurement. Ultrasonic meters technology has also 
progressed, offering a high accuracy. They require relatively pure 
fluids and are easy to use. They are installed simply on the 
measured tubing (Figure A-3). The instruments should be used 
according to the manufacturer’s catalog and they also should be 
calibrated regularly (CRES, 2000). 
 
A.2.5. Exhaust gas measurements 
 
Exhaust gas measurements include CO2, CO, SOx, NOx, smoke content, and temperature 
measurement. Traditionally, these measurements are taken with low cost portable instruments. 
Electronic gas analyzers are available today, which can rapidly measure all the above quantities 
and, at the same time, perform calculations for the combustion efficiency (Figure A-4).  
 

 
Figure A-2. Non-contact or Infrared 

Thermometer (UNEP 2006) 

 
Figure A-3. Ultrasonic 
Flow Meter (UNEP 2006) 
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The traditional measurement instruments measure under dry 
gas conditions, while the electronic ones measure the gases 
composition continuously and under real time conditions. Thus, 
this should be taken into account while comparing the results. 
Moreover, before taking any on-site measurements, the boiler 
should operate for some time in order to reach its standard 
operating temperature. The sampling probe of the gas analyzer 
is inserted in the chimney and its end must be placed in the 
middle of the core of the exhaust gases (the middle of the 
chimney). This can be achieved accurately because modern gas 
analyzers have the capability of displaying the temperature of 
any point that the probe is located. Therefore, the appropriate 
sampling point is located where maximum temperature occurs, 
right in the middle of the gas flow. 
 
Once proper sampling is achieved, gases are analyzed by the gas analyzer and the percentage of 
the exhaust gases in CO, CO2, O2, SO2, NOx, CxHx is determined through built-in algorithms. 
Modern gas analyzers are fully automatic so that when the proper sample is taken, the boiler 
efficiency and the percentage of the above mentioned gases are shown on the display of the 
gas analyzer (CRES, 2000). 
 
A.2.6. Measurement of the speed of rotating equipment 
 
Speed measurements of for example motors are 
critical as they may change with frequency, belt slip 
and loading. There are two main types of speed 
measurement instruments: tachometer and 
stroboscope (Figure A-5). In a contact-type 
tachometer, the wheel of the tachometer gets in 
contact with the rotating body. Due to friction 
between the two, after few seconds the speed of 
the wheel of the tachometer is the same as the 
speed of the rotating body. This speed is displayed 
on the panel as rpm (rotations per minute). 
 
The digital stroboscope is a flashing light source that is used to measure the speed of fast- 
moving objects or to produce the optical effect of stopping or slowing down high-speed motion 
for purposes of observation, analysis, or high-speed photography. When measuring the 
rotational speed of an object, set the flash rate initially to a higher setting than the estimated 
speed of the object. Then, slowly reduce the flash rate until the first single image appears. At 
this point, the strobe flash rate is equal to the rotational speed of the object, and the speed can 
be read directly from the digital display (UNEP 2006). 

 
Figure A-4. Gas analyzer 
(CRES, 2000) 

 
Figure A-5. A tachometer (left) and a 
stroboscope (right) 
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Appendix 3. List of sector-specific energy-efficiency improvement opportunities for selected industrial sectors 
 
Note: The energy savings, costs, and payback periods given in the tables are for the specific conditions outlined in the referenced 
report. There are also some ancillary (non-energy) benefits from the implementation of some measures. Read the explanation of 
each measure in the reports cited to get a complete understanding of the savings and costs. 
 

A.3.1. Cement industry 
Table A-2. Typical Fuel and Electricity Savings, Capital Costs, and Change in Annual Operations and Maintenance (O&M) Costs for Process -

Specific Energy-Efficiency Technologies and Measures for the cement industry 17 

No. Technology/Measure 
Typical Fuel 

Savings (GJ/t 
clinker) 

Typical 
Electricity 

Savings 
(kWh/t clinker) 

Typical 
Capital Cost 

(US$/t clinker) 

Typical Change 
in Annual 
O&M cost  

(US$/t clinker) 
 Fuel Preparation     

1 New efficient coal separator for fuel preparation  0.26 0.01 0.0 
2 Efficient roller mills for coal grinding  1.47 0.05 0.0 

3 
Installation of variable frequency drive & replacement of coal mill bag dust 
collector’s fan  0.16 0.03 0.0 

  Raw Materials Preparation     
4 Raw meal process control for Vertical mill  1.41 0.51 0.0 
5 High Efficiency classifiers/separators   5.08 3.44 0.0 
6 High Efficiency roller mill for raw materials grinding  10.17 8.60 0.0 
7 Efficient  (mechanical) transport system for raw materials preparation   3.13 4.69 0.0 
8 Raw meal blending (homogenizing) systems   2.66 5.79 0.0 
9 Variable Frequency Drive in raw mill vent fan  0.33 0.03 0.0 

10 Bucket elevator for raw meal transport from raw mill to homogenizing silos   2.35 0.23 0.0 
11 High efficiency fan for raw mill vent fan with inverter  0.36 0.03 0.0 

 Clinker Making     
12 Kiln shell heat loss reduction (Improved refractories) 0.26  0.25 0.0 
13 Energy management and process control systems in clinker making 0.15 2.35 1.00 0.0 

                                                 
17Table excerpted from: Price, L., Hasanbeigi, A., Lu, H., Wang, L., 2009. Analysis of Energy-Efficiency Opportunities for the Cement Industry in Shandong Province, 
China. Report No. LBNL- 2751 E. Berkeley, CA: Lawrence Berkeley National Laboratory. http://china.lbl.gov/publications/ analysis-energy-efficiency-
opportunities-cement-industry-shandong-province-china 
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No. Technology/Measure 
Typical Fuel 

Savings (GJ/t 
clinker) 

Typical 
Electricity 

Savings 
(kWh/t clinker) 

Typical 
Capital Cost 

(US$/t clinker) 

Typical Change 
in Annual 
O&M cost  

(US$/t clinker) 
14 Adjustable speed drive for kiln fan  6.10 0.23 0.0 
15 Optimize heat recovery/upgrade clinker cooler 0.11 -2.00 a 0.20 0.0 

16 Low temperature waste heat recovery power generation   30.80 US$1335 /kWh 
capacity 0.8 

17 Efficient kiln drives  0.55 0.22 0.0 
18 Upgrading the preheater from 5 to 6 stages 0.11 -1.17 a 2.54 0.0 
19 Upgrading of a preheater kiln to a preheater/precalciner Kiln 0.43  18.00 -1.1 
20 Low pressure drop cyclones for suspension preheater  2.60 3.00 0.0 
21 VFD in cooler fan of grate cooler  0.11 0.01 0.0 
22 Bucket elevators for kiln feed   1.24 0.35 0.0 
23 Replacement of preheater fan with high efficiency fan  0.70 0.07 0.0 
  Finish Grinding     

24 Energy management & process control in grinding   4.00 0.47 0.0 
25 Replace ball mill with vertical roller mill   25.93 7.82 0.0 
26 High pressure roller press as pre-grinding to ball mill   24.41 7.82 0.0 
27 Improved grinding media for ball mills  6.10 1.10 0.0 
28 High-Efficiency classifiers for finish grinding  6.10 3.13 0.0 
29 Replacement of cement mill vent fan with high efficiency fan  0.13 0.01 0.0 
  General Measures     

30 Use of alternative fuels 0.60  1.10 0.0 
31 High efficiency motors  4.58 0.34 0.0 
32 Adjustable Speed Drives  9.15 1.41 0.0 

  

Product Change  Fuel Savings 
(GJ/t cement) 

Electricity 
Savings 
(kWh/t 
cement) 

Capital Cost 
(US$/t 

cement) 

Change in 
Annual 

O&M cost  
(US$/t cement) 

33 Blended cement (Additives: fly ash, pozzolans, and blast furnace slag) 1.77 -7.21a 0.72 -0.04 
34 Portland limestone cement  0.23 3.30 0.12 -0.01 

 

a: The negative value for electricity saving indicates that although the application of this measures saves fuel, it will increase the electricity consumption. 
However, it should be noted that the total primary energy savings of those measures is positive. 
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A.3.2. Iron and steel industry 
 

Table A-3. Typical Fuel and Electricity Savings, Capital Costs, and Change in Annual Operations and 
Maintenance (O&M) Costs for Process -Specific Energy-Efficiency Technologies and Measures Applied 

to Integrated Steel Production.18

 

 

Option 

 
 

Typical 
Fuel Savings 

(GJ/tonne 
crude steel) 

 
Typical 

Electricity 
Savings 

(GJ/tonne 
crude steel) 

Typical 
Annual 

Operating 
Costs 

(US$/tonne  
crude steel) 

 
Typical Retrofit 

Capital Cost 
(US$/tonne  
crude steel) 

Iron Ore Preparation (Sintering)     
Sinter plant heat recovery 0.12 0.00 0.00 0.66 
Reduction of air leakage 0.00 0.00 0.00 0.02 
Increasing bed depth 0.02 0.00 0.00 0.00 
Improved process control 0.01 0.00 0.00 0.03 
Use of waste fuels in sinter plant 0.04 0.00 0.00 0.04 
Coke Making     
Coal moisture control 0.09 0.00 0.00 14.69 
Programmed heating 0.05 0.00 0.00 0.07 
Variable speed drive coke oven gas 
compressors 

0.00 0.00 0.00 0.09 

Coke dry quenching 0.37 0.00 0.15 20.99 
Iron Making - Blast Furnace     
Pulverized coal injection to 130 kg/thm 0.69 0.00 -1.78 6.24 
Pulverized coal injection to 225 kg/thm 0.51 0.00 -0.89 4.64 
Injection of natural gas to 140 kg/thm 0.80 0.00 -1.78 4.46 
Top pressure recovery turbines (wet type) 0.00 0.10 0.00 17.84 
Recovery of blast furnace gas 0.06 0.00 0.00 0.27 
Hot blast stove automation 0.33 0.00 0.00 0.27 
Recuperator hot blast stove 0.07 0.00 0.00 1.25 
Improved blast furnace control systems 0.36 0.00 0.00 0.32 
Smelting reduction processes* 3.2 0.00 -6.3 -120 
Steelmaking – Basic Oxygen Furnace      
BOF gas + sensible heat recovery 0.92 0.00 0.00 22.00 
Variable speed drive on ventilation fans 0.00 0.00 0.00 0.20 
Integrated Casting     
Adopt continuous casting 0.24 0.08 -5.35 11.95 
Efficient ladle preheating 0.02 0.00 0.00 0.05 
Thin slab casting 3.13 0.57 -31.33 134.25 
Strip casting* - - - 180 
Integrated Hot Rolling     
Hot charging 0.52 0.00 -1.15 13.09 
Process control in hot strip mill 0.26 0.00 0.00 0.61 

                                                 
18  Table excerpted from: Lawrence Berkeley National Laboratory, 2006. Energy Efficiency Improvement 
Opportunities for the Iron and Steel Industry. Berkeley, CA: Lawrence Berkeley National Laboratory. 
http://china.lbl.gov/energy.efficiency.guidebooks 
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Option 

 
 

Typical 
Fuel Savings 

(GJ/tonne 
crude steel) 

 
Typical 

Electricity 
Savings 

(GJ/tonne 
crude steel) 

Typical 
Annual 

Operating 
Costs 

(US$/tonne  
crude steel) 

 
Typical Retrofit 

Capital Cost 
(US$/tonne  
crude steel) 

Recuperative burners 0.61 0.00 0.00 2.18 
Insulation of furnaces 0.14 0.00 0.00 8.73 
Controlling oxygen levels and VSDs on 
combustion air fans 

0.29 0.00 0.00 0.44 

Energy-efficient drives (rolling mill) 0.00 0.01 0.00 0.17 
Waste heat recovery (cooling water) 0.03 0.00 0.06 0.70 
Low NOx Oxy-Fuel Burners 0.77 -0.02 0.36 2.5 
Integrated Cold Rolling and Finishing     
Heat recovery on the annealing line 0.17 0.01 0.00 1.55 
Reduced steam use (pickling line) 0.11 0.00 0.00 1.61 
Automated monitoring and targeting 
system 

0.00 0.12 0.00 0.63 

General     
Preventative maintenance 0.43 0.02 0.02 0.01 
Energy monitoring and management 
system 

0.11 0.01 0.00 0.15 

Cogeneration 0.03 0.35 0.00 14.52 
Variable speed drive: flue gas control, 
pumps, fans 

0.00 0.02 0.00 1.30 

*These measures are advanced technologies that still are under development and may affect the long-term trends 
in energy efficiency in the iron and steel industry, but are not yet commercially available. Hence, information on 
costs and savings are not complete. 
 

Table A-4. Typical Fuel and Electricity Savings, Capital Costs, and Change in Annual Operations and 
Maintenance (O&M) Costs for Process-Specific Energy-Efficiency Technologies and Measures Applied 

to Secondary Steel Production.19

 

 

 
Option 

 
Typical Fuel 

Savings 
(GJ/tonne 

crude steel) 

 
Typical 

Electricity 
Savings 

(GJ/tonne 
crude 
steel) 

Typical 
Annual 

Operating 
Costs 

(US$/tonne 
crude steel) 

Typical 
Retrofit Capital 

Cost 
(US$/tonne 
crude steel) 

Steelmaking Electric Arc Furnace     

Improved process control (neural 
network) 

 
0.00 

 
0.11 

 
-1.00 

 
0.95 

Flue gas Monitoring and Control 0.00 0.05 0.00 2.00 
Transformer efficiency - UHP 
transformers 

0.00 0.06 0.00 2.75 

                                                 
19  Table excerpted from: Lawrence Berkeley National Laboratory, 2006. Energy Efficiency Improvement 
Opportunities for the Iron and Steel Industry. Berkeley, CA: Lawrence Berkeley National Laboratory. 
http://china.lbl.gov/energy.efficiency.guidebooks 
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Option 

 
Typical Fuel 

Savings 
(GJ/tonne 

crude steel) 

 
Typical 

Electricity 
Savings 

(GJ/tonne 
crude 
steel) 

Typical 
Annual 

Operating 
Costs 

(US$/tonne 
crude steel) 

Typical 
Retrofit Capital 

Cost 
(US$/tonne 
crude steel) 

Bottom Stirring / Stirring gas injection 0.00 0.07 -2.00 0.60 
Foamy Slag Practice 0.00 0.07 -1.80 10.00 
Oxy-fuel burners  0.00 0.14 -4.00 4.80 
Eccentric Bottom Tapping (EBT) on 
existing furnace 

 
0.00 

 
0.05 

 
0.00 

 
3.20 

DC-Arc furnace 0.00 0.32 -2.50 3.90 
Scrap preheating – Tunnel furnace 
(CONSTEEL) 

 
0.00 

 
0.22 

 
-1.90 

 
5.00 

Scrap preheating, post combustion - 
Shaft furnace (FUCHS) 

 
-0.70 

 
0.43 

 
-4.00 

 
6.00 

Twin Shell DC w/ scrap preheating 0.00 0.07 -1.10 6.00 
IHI process* - - - - 
Contiarc process* -0.03 0.77 -10 - 
Comelt process* -0.25 0.44 -8 to -10 3.90 
Secondary Casting     
Efficient ladle preheating 0.02 0.00 0.00 0.05 
Thin slab casting 2.86 0.57 -31.33 134.29 
Strip casting* - - - 180 
Secondary Hot Rolling     
Process control in hot strip mill 0.26 0.00 0.00 0.61 
Recuperative burners 0.61 0.00 0.00 2.18 
Insulation of furnaces 0.14 0.00 0.00 8.73 
Controlling oxygen levels and VSDs on 
combustion air fans 

 
0.29 

 
0.00 

 
0.00 

 
0.44 

Energy-efficient drives in the rolling 
mill 

0.00 0.01 0.00 0.17 

Waste heat recovery from cooling 
water 

0.03 0.00 0.06 0.70 

Low NOx Oxy-Fuel Burners 0.77 -0.02 0.36 2.5 
General Technologies     
Preventative maintenance 0.09 0.05 0.02 0.01 
Energy monitoring & management 
system 

0.02 0.01 0.00 0.15 

*These measures are advanced technologies that still are under development and may affect the long-term trends 
in energy efficiency in the iron and steel industry, but are not yet commercially available. Hence, information on 
costs and savings are not complete. 
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A.3.3. Textile industry 
 

Table A-5. Typical Fuel and Electricity Savings, and Capital Costs for Process -Specific Energy-Efficiency 
Technologies and Measures for the Spinning Process 20

No. 

 

Energy-efficiency Technologies and Measures Typical Fuel saving Typical Electricity saving Typical Capital 
Cost (US$) 

Paybac
k 

Period 
(Year)*

* 
5.1 Spinning     

5.1.1 Preparatory process     

1 Installation of electronic Roving end-break stop-
motion detector instead of pneumatic system  3.2 MWh/year/machine 180/roving 

machine < 1 

2 High-speed carding machine   
100,000/cardin

g machine <2 

5.1.2 Ring Frame     

3 Use of energy-efficient spindle oil  
3% - 7% of ring frame 

energy use   

4 Optimum oil level in the spindle bolsters     

5 Replacement of lighter spindle in place of 
conventional spindle in Ring frame  23 MWh/year/ring frame 13,500 /ring 

frame 8 

6 Synthetic sandwich tapes for Ring frames  
4.4 - 8 MWh/ring 

frame/year 
540 -683/ring 

frame 1 - 2 

7 Optimization of Ring diameter with respect to 
yarn count in ring frames  

10% of ring frame energy 
use 

1600 /ring 
frame 2 

8 False ceiling in Ring spinning section  8 kWh/ year/spindle 0.7/spindle 1.2 

9 Installation of energy-efficient motor in Ring 
frame  

6.3 -18.83 
MWh/year/motor 

1950 - 2200 
/motor 2 - 4 

10 
Installation of energy-efficient excel fans in 
place of conventional aluminum fans in the 
suction of Ring Frame  5.8 - 40 MWh/year/fan 195 - 310 /fan < 1 

11 The use of light weight bobbins in Ring frame  10.8 MWh/year/ring frame 660 /ring frame < 1 

12 High-speed Ring spinning frame  
10% - 20% of ring frame 

energy use   

13 Installation of a soft starter on motor drive of 
Ring frame  

1 – 5.2 MWh/year/ring 
frame  2 

5.1.3 Windings, Doubling, and finishing process     

14 Installation of Variable Frequency Drive on 
Autoconer machine  331.2 MWh/year/plant 19500/plant < 1 

15 
Intermittent mode of movement of empty 
bobbin conveyor in the Autoconer/cone winding 
machines  49.4 MWh/year/plant 1100/plant < 1 

16 Modified outer pot in Tow-For-One (TFO) 
machines  4% of TFO energy use   

17 Optimization of balloon setting in Two-For-One 
(TFO) machines     

18 
Replacing the Electrical heating system with 
steam heating system for the yarn polishing 
machine 

increased 31.7 
tonnes 

steam/year/machin
e 

19.5 MWh/year/machine 
980/ 

humidification 
plant 

< 1 

5.1.4 Air conditioning and Humidification system     

19 Replacement of nozzles with energy-efficient 
mist nozzles in yarn conditioning room  

31MWh/year/humidificatio
n plant 

1700/ 
humidification 

plant 
< 1 

                                                 
20 Table excerpted from: Hasanbeigi, A., 2010. Energy-Efficiency Improvement Opportunities for the Textile Industry. 
Berkeley, CA: Lawrence Berkeley National Laboratory. (forthcoming)  
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No. Energy-efficiency Technologies and Measures Typical Fuel saving Typical Electricity saving Typical Capital 
Cost (US$) 

Paybac
k 

Period 
(Year)*

* 

20 Installation of Variable Frequency Drive (VFD) 
for washer pump motor in Humidification plant  

20 
MWh/year/humidification 

plant 

1100/ 
humidification 

plant 
< 1 

21 

Replacement of the existing Aluminium alloy fan 
impellers with high efficiency F.R.P 
(Fiberglass Reinforced Plastic) impellers in 
humidification fans and cooling tower fans 

 55.5 MWh/year/fan 650/ fan < 1 

22 Installation of VFD on Humidification system fan 
motors for the flow control  18 -105 MWh/year/fan 1900 -8660/ fan 1 - 2 

23 Installation of VFD on Humidification system 
pumps  

35 MWh/year/ 
humidification plant 

7100/ 
humidification 

plant 
2.7 

24 Energy-efficient control system for 
humidification system  

50 MWh/year/ 
humidification plant 

7300 to 12,200/ 
humidification 

plant 
2 - 3.5 

5.1.5 General measures for Spinning plants     

25 Energy conservation measures in Overhead 
Travelling Cleaner (OHTC)  5.3 - 5.8 MWh/year/ OHTC 180 -980/ OHTC 0.5 - 2.5 

26 Energy-efficient blower fans for Overhead 
Travelling Cleaner (OHTC)  2 MWh/year/fan 100/fan < 1 

27 Improving the Power Factor of the plant 
(Reduction of reactive power)  24.1 MWh/year/plant 3300/plant 1.8 

28 Replacement of Ordinary ‘V – Belts’ by Cogged 
‘V – Belts’  1.5 MWh/year/belt 12.2/belt < 1 

* The energy savings, costs, and payback periods given in the table are for the specific conditions. There are also 
some ancillary (non-energy) benefits from the implementation of some measures. Read the explanation of each 
measure in the report cited to get a complete understanding of the savings and costs. 
**Wherever the payback period was not provided, but the energy and cost were given, the payback period is 
calculated assuming the price of electricity of US$75/MWh (US$0.075/kWh). 

 
Table A-6. Typical Fuel and Electricity Savings, and Capital Costs for Process -Specific Energy-Efficiency 

Technologies and Measures for the Wet-Processing 21

No. 

 

Energy-efficiency Technologies and Measures Fuel saving Electricity saving Capital Cost 
Payback 
Period 

(Year)*** 
5.3 Wet-Processing         

5.3.1 Preparatory Process         

31 Combine Preparatory Treatments in wet 
processing 

up to 80% of 
Preparatory 
Treatments 
energy use 

     

32 Cold-Pad-Batch pretreatment 
up to 38% of 
pretreatment 
fuel use 

up to 50% of 
pretreatment 
electricity use 

   

33 Bleach bath recovery system ** 
US$38,500 -
US$118,400 
saving 

80000 -246,000 2.1  

34 Use of Counter-flow Current for washing 
41% - 62% of 
washing energy 
use 

     

35 Installing Covers on Nips and Tanks in continuous 
washing machine        

                                                 
21 Table excerpted from: Hasanbeigi, A., 2010. Energy-Efficiency Improvement Opportunities for the Textile Industry. 
Berkeley, CA: Lawrence Berkeley National Laboratory. (forthcoming)  
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No. Energy-efficiency Technologies and Measures Fuel saving Electricity saving Capital Cost 
Payback 
Period 

(Year)*** 

36 Installing automatic valves in continuous washing 
machine       < 0.5 

37 Installing heat recovery equipment in continuous 
washing machine 

5 GJ/tonne 
fabric       

38 Reduce live steam pressure in continuous washing 
machine        

39 Introducing Point-of-Use water heating in 
continuous washing machine 

up to 50% of 
washing energy 
use 

     

40 
Interlocking the running of exhaust hood fans 
with water tray movement in the yarn 
mercerizing machine 

  12.3 
MWh/year/machine   < 0.5 

41 
Energy saving in cooling blower motor by 
interlocking it with fabric gas singeing machine's 
main motor 

  2.43 
MWh/year/machine    < 0.5 

42 Energy saving in shearing machine's blower motor 
by interlocking it with the main motor   2.43 

MWh/year/machine    < 0.5 

43 Enzymatic removal of residual hydrogen peroxide 
after bleach 

2,780 
GJ/year/plant      

44 Enzymatic scouring        

45 Use of integrated dirt removal/grease recovery 
loops in wool scouring plant 

2 MJ/kg of 
greasy wool   615,000 - 

1,230,000/system 2 - 4 

5.3.2 Dyeing and Printing Process        

46 Installation of Variable Frequency Drive on pump 
motor of Top dyeing machines   26.9 

MWh/year/machine 3100 /machine  1.5 

47 Heat Insulation of high temperature/ high 
pressure dyeing machines  

210 - 280 
GJ/year/plant    9000 - 13,000 /plant 3.8 - 4.9 

48 Automated preparation and dispensing of 
chemicals in dyeing plants     

Chemical Dispensing 
System: 150,000 - 
890,000 ;  
Dye Dissolving and 
Distribution: 100,000 
- 400,000;  
Bulk Powder 
Dissolution and 
Distribution:76,000 - 
600,000 

1.3 - 6.2 ; 
4 - 5.7 ; 
3.8 - 7.5 

49 Automated dyestuff preparation in fabric printing 
plants     23,100 - 

2,308,000/system  

50 Automatic dye machine controllers **     57,000 - 
150,000/system 1 - 5 

51 Cooling water recovery in batch dyeing machines 
(Jet, Beam, Package, Hank, Jig and Winches) 

1.6 - 2.1 
GJ/tonne fabric    143,000 - 

212,000/system 1.3 - 3.6 

52 Cold-Pad-Batch dyeing system 16.3 GJ/tonne 
of dyed fabric    1215000/ system 1.4 - 3.7 

53 Discontinuous dyeing with airflow dyeing machine  
up to 60% of 
machine's fuel 
use 

  190500 - 
362,000/machine  

54 Installation of VFD on circulation pumps and color 
tank stirrers   138 

MWh/year/plant 2300/plant < 1 

55 Dyebath Reuse 
US$4500 
saving/ dye 
machine 

  24,000 - 34,000/dye 
machine   

56 Equipment optimization in winch beck dyeing 
machine   30% of machine's 

electricity use    

57 Equipment optimization in jet dyeing machines 
1.8 - 2.4 kg 
steam /kg 
fabric 

increased 0.07 - 
0.12 kWh/kg fabric  221,000 /machine 1.4 - 3.1 

58 Single-rope flow dyeing machines 2.5 kg steam 
/kg fabric 

0.16 - 0.20 kWh/kg 
fabric    < 1 

59 Microwave dyeing equipment 96% reduction 90% reduction 450000/ machine  
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No. Energy-efficiency Technologies and Measures Fuel saving Electricity saving Capital Cost 
Payback 
Period 

(Year)*** 
compared to 
beam dyeing 

compared to beam 
dyeing 

60 Reducing the process temperature in wet batch 
pressure-dyeing machines        

61 Use of steam coil instead of direct steam heating 
in batch dyeing machines (Winch and Jigger) 

4580 
GJ/year/plant   165500/plant  

62 Reducing the process time in wet batch pressure-
dyeing machines        

63 Installation of covers or hoods in atmospheric wet 
batch machines        

64 Careful control of temperature in atmospheric 
wet batch machines 

27 - 91 kg 
steam/hour      

65 Jiggers with a variable liquor ratio 

26% reduction 
compared to 
conventional 
jigger 

     

66 Heat recovery of hot waste water in Autoclave 554 MJ/batch 
product      

67 Insulation of un-insulated surface of Autoclave 15 MJ/batch 
product      

68 Reducing the need for re-processing in dyeing 10% -12%       

69 Recover heat from hot rinse water 
1.4 - 7.5 
GJ/tonne fabric 
rinsed  

  44,000 - 95,000  < 0.5 

70 Reuse of washing and rinsing water        

71 Reduce rinse water temperature 10%   0  

5.3.3 Drying        

 Energy-efficiency improvement in Cylinder dryer        

72 Introduce Mechanical Pre-drying        

73 Selection of Hybrid Systems 25% - 40%      

74 Recover Condensate and Flash Steam        

75 End Panel Insulation        

76 Select Processes for their Low Water Add-on 
Characteristics        

77 Avoid Intermediate Drying        

78 Avoid Overdrying        

79 Reduce Idling Times and Use Multiple Fabric 
Drying        

80 Operate Cylinders at Higher Steam Pressures        

81 Maintenance of the dryer        

82 The use of radio frequency dryer for drying acrylic 
yarn 

US$45,000 
saving/plant    200000/plant  

83 
The use of Low Pressure Microwave drying 
machine for bobbin drying instead of dry-steam 
heater 

  107 kWh/tonne 
yarn  500000/plant < 3 

84 High-frequency reduced-pressure dryer for 
bobbin drying after dyeing process   200 kWh/tonne 

product 500000/machine  

5.3.4 Finishing Process        

 Energy-efficiency improvement in Stenters        

85 Conversion of Thermic Fluid heating system to 
Direct Gas Firing system in Stenters and dryers 

11000 
GJ/year/plant  

120 
MWh/year/plant  50000/plant 1 

86 Introduce Mechanical De-watering or Contact 
Drying Before Stenter 

13% - 50% of 
stenter energy 
use 

     

87 Avoid Overdrying        

88 Close Exhaust Streams during Idling        
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No. Energy-efficiency Technologies and Measures Fuel saving Electricity saving Capital Cost 
Payback 
Period 

(Year)*** 
89 Drying at Higher Temperatures        

90 Close and Seal Side Panels        

91 Proper Insulation 20% of stenter 
energy use      

92 Optimize Exhaust Humidity 
20 - 80% of 
stenter energy 
use 

     

93 Install Heat Recovery Equipment 30% of stenter 
energy use   77,000 - 

460,000/system  1.5-6.6 

94 Efficient burner technology in Direct Gas Fired 
systems        

95 The Use of Sensors and Control Systems in 
Stenter 

22% of stenter 
fuel use 

11% of stenter 
electricity use 

moisture humidity 
controllers: 20,000 – 
220,000 ;  
dwell time controls: 
80,000 – 400,000  

moisture 
humidity 
controllers: 
1.5 - 5 ; 
dwell time 
controls: 4 
- 6.7 

5.3.5 General energy-efficiency measures for wet-
processing         

96 Automatic steam control valves in Desizing, 
Dyeing, and Finishing  

3250 
GJ/year/plant    5100/plant  

97 The recovery of condensate in wet processing 
plants 

1.3 - 2 
GJ/tonne fabric    1000 - 16,000  1 - 6 

98 Heat recovery from the air compressors for use in 
drying woven nylon nets 

7560 
GJ/year/plant   8500/year/plant  

99 Utilization of heat exchanger for heat recovery 
from wet-processes wastewater  

1.1 – 1.4 
GJ/tonne 
finished fabric  

  328820 / system  

* The energy savings, costs, and payback periods given in the table are for the specific conditions. There are also 
some ancillary (non-energy) benefits from the implementation of some measures. Please read the explanation of 
each measure in the report cited to get the complete understanding of the savings and costs. 
** Savings of this measure is the net annual operating savings (average per plant) which includes energy and non-
energy savings. 
***Wherever the payback period was not given while the energy and cost are given, the payback period is 
calculated assuming the price of electricity of US$75/MWh (US$0.075/kWh). 

 
 

Table A-7. Typical Fuel and Electricity Savings, and Capital Costs for Process -Specific Energy-Efficiency 
Technologies and Measures for the Man-made Fiber Manufacturing 22

No. 

 

Energy-efficiency Technologies and Measures Fuel saving Electricity saving Capital Cost 
Payback 
period 

(years)** 
5.4 Man-made fiber Production        

100 Installation of Variable Frequency Drive (VFD) on hot air fans in 
after treatment dryer in Viscose Filament production  

105 
MWh/year/dryer 11,000/ dryer 1.3 

101 The use of light weight carbon reinforced spinning pot in place of 
steel reinforced pot  

9.6 MWh/spinning 
machine/year 680/ machine < 1 

102 Installation of Variable Frequency Drives in fresh air fans of 
humidification system in man-made fiber spinning plants   32.8 MWh/fan/year 5600/ fan 2.3 

103 Installation of Variable Frequency drives on motors of dissolvers   
49.5 

MWh/agitator/year 9500/ agitator 2.6 

                                                 
22 Table excerpted from: Hasanbeigi, A., 2010. Energy-Efficiency Improvement Opportunities for the Textile Industry. 
Berkeley, CA: Lawrence Berkeley National Laboratory. (forthcoming)  
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104 Adoption of pressure control system with VFD on washing pumps 
in After Treatment process   

40.4 
MWh/pump/year 930/ pump < 1 

105 Installation of lead compartment plates between pots of spinning 
machines  

7 
MWh/machine/year  < 0.5 

106 
Energy-efficient High Pressure steam-based Vacuum Ejectors in 
place of Low Pressure steam-based Vacuum Ejectors for Viscose 
Deaeration 

3800 
GJ/year/plant  29000/plant  

107 The use of heat exchanger in dryer in Viscose filament production  
1 GJ/hour of 

dryer 
operation  66700/system  

108 Optimization of balloon setting in TFO machines  
205 

MWh/year/plant   

109 Solution spinning high-speed yarn manufacturing equipment (for 
filament other than urethane polymer)  

500 MWh/machine 
(16 spindles)/year 200000/machine 5.3 

110 High-speed multiple thread-line yarn manufacturing equipment 
for producing nylon and polyester filament  55% 320000/machine  

111 Reduction in height of spinning halls of man-made fiber 
production by installation of false ceiling  

788 
MWh/year/plant 190000/plant 3.2 

112 Improving motor efficiency in draw false-twist texturing machines  
73 

MWh/year/machine 80,000/ machine 14.6 

* The energy savings, costs, and payback periods given in the table are for the specific conditions. There are also 
some ancillary (non-energy) benefits from the implementation of some measures. Please read the explanation of 
each measure in the report cited to get the complete understanding of the savings and costs. 
**Wherever the payback period was not given while the energy and cost are given, the payback period is 
calculated assuming the price of electricity of US$75/MWh (US$0.075/kWh). 
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A.3.4. Petrochemical industry 
 

Table A-8. List of Process -Specific Energy-Efficiency Technologies and Measures for the Petrochemical 
Industry 23

 

 

 
 
 
 
 
 
 
 
 
 

                                                 
23 Table excerpted from: Neelis,M., Worrell, E., and Masanet, E., 2008. Energy Efficiency Improvement and Cost 
Saving Opportunities for the Petrochemical Industry. An ENERGY STAR® Guide for Energy and Plant Managers. 
Berkeley, CA: Lawrence Berkeley National Laboratory. http://china.lbl.gov/energy.efficiency.guidebooks 
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A.3.5. Glass industry 
 

Table A-9. List of Process -Specific Energy-Efficiency Technologies and Measures for the Glass 
Industry 24

 

 

                                                 
24 Table excerpted from: Worrell, E., Galitsky, C., Masanet, E., and Graus, W., 2008. Energy Efficiency Improvement 
and Cost Saving Opportunities for the Glass Industry. An ENERGY STAR® Guide for Energy and Plant Managers. 
Berkeley, CA: Lawrence Berkeley National Laboratory.  http://china.lbl.gov/energy.efficiency.guidebooks 
 



 

84 
 

 
A.3.6. Vehicle assembly industry 

 
Table A-10. List of Process -Specific Energy-Efficiency Technologies and Measures for the Vehicle 

Assembly Industry 25

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
25 Table excerpted from: Galitsky, C. and Worrell, E., 2008. Energy Efficiency Improvement and Cost Saving 
Opportunities for the Vehicle Assembly Industry. An ENERGY STAR® Guide for Energy and Plant Managers. Berkeley, 
CA: Lawrence Berkeley National Laboratory. http://china.lbl.gov/energy.efficiency.guidebooks 
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A.3.7. Fruit and vegetable processing industry 
 

Table A-11. List of Process -Specific Energy-Efficiency Technologies and Measures for the Fruit and 
Vegetable Processing Industry 26

 

 

 
Table A-12. List of Emerging Energy-Efficiency Technologies for the Fruit and Vegetable Processing 

Industry  

 
 
 
 
 
 

                                                 
26 Table excerpted from: Masanet, E., Worrell, E., Graus, W., and Galitsky, C., 2008. Energy Efficiency Improvement 
and Cost Saving Opportunities for the Fruit and Vegetable Processing Industry. An ENERGY STAR® Guide for Energy 
and Plant Managers. Berkeley, CA: Lawrence Berkeley National Laboratory. 
http://china.lbl.gov/energy.efficiency.guidebooks 
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